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Figure  7.  Comparison  of  calculated  permittivity  as  a  function  of  temperature  with  measured 
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ABSTRACT 

In  the  course  of  the  development  of  a  phenomenological  theoretical  model  for  the  whole 
lead  zirconate-titanate  solid  solution  system,  it  was  found  that  some  of  the  required  experimental 
information  was  missing.  To  permit  these  required  measurements,  pure  homogeneous  ceramic 
samples  of  specific  PZT  compositions  were  fabricated  from  sol-gel  derived  powders.  This  paper 
describes  the  preparation  and  characterization  of  these  required  compositions. 

High-purity  lead  acetate,  titanium  isopropoxide,  and  zirconium  n-propoxide  were  used 
as  precursors  to  form  PZT  powders  using  a  sol-gel  technique.  X-ray  powder  diffraction  was 
used  to  study  the  effect  of  calcining  time  and  temperature  from  400  to  900  °C.  The 

jr" 

submicron-size  calcined  powders  were  sintered  at  temperatures  from  1000  to  1250  °C, 
depending  on  the  composition,  into  high  density  (96  to  97%  of  the  theoretical  density)  ceramic 
bodies  with  uniform  microstructure.  Excess  lead  oxide  was  included  in  the  starting  powders  to 
control  the  lead  stoichiometry  and  to  act  as  a  transient  liquid  phase  to  facilitate  grain  growth  and 
densification  by  eliminating  the  porosity  in  the  ceramics  during  sintering.  The  effects  of  density 
and  of  a  second  phase  of  lead  oxide  in  the  grain  boundaries  on  the  dielectric  properties  and  poling 
characteristics  are  discussed. 

’  Visiting  Scientist  from  the  Department  of  Inorganic  Materials  Science  and  Engineering, 
South  China  Institute  of  Technology.  Guangzhou,  The  People  s  Republic  of  China. 
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[.  INTRODUCTION 

Additional  experimental  data  were  found  to  be  needed  to  complete  the  development  of  a 
phenomenological  theory  for  the  lead  zirconate-titanate  (PZT)  solid  solution  system.  *  For  this 
purpose  pure  homogeneous  polycrystalline  ceramic  PZT  samples  of  compositions  across  the 
ferroelectric  region  of  the  phase  diagram  were  fabricated  from  sol-gel  derived  powders.  The 
dielectric,  piezoelectric,  elastic,  electrostrictive.  and  pyroelectric  properties  were  measured  on 
these  samples.  Future  publications  will  describe  these  measurements  and  the  use  of  this  data  in 
the  development  of  the  phenomenological  theory  for  PZT. 

The  purpose  of  this  paper  is  to  present  the  details  of  the  experimental  procedure  used  to 
fabricate  dense  ceramic  PZT  samples  from  sol-gel  derived  powders.  X-ray  diffraction  patterns 
and  scanning  electron  micrographs  of  the  calcined  powders  and  sintered  ceramic  samples  will  be 
presented.  The  effects  of  the  ceramic  density  and  the  existence  of  a  second  phase  of  lead  oxide  in 
the  grain  boundaries  on  the  dielectric  properties  and  poling  characteristics  will  also  be  discussed. 

II.  EXPERIMENTAL  PROCEDURE 

A  sol-gel  method  described  in  Reference  3  was  used  to  prepare  powders  of  pure  lead 
zirconate-titanate  with  compositions  of  Pb(ZrxTij.x)03  with  values  of  x  ranging  from  0.4  to 
0.94.  This  method  was  similar  to  the  procedure  used  in  Reference  4  to  prepare  PbTi03- 
High-purity  lead  acetate  [Pb(C2H302)2-3H20],  titanium  isopropoxide  [TilCKI^Hy)^],  and 
zirconium  n-propoxide  [ZfrCXI^H^]  were  used  as  precursors,  with  methoxyethanol  [C3HgO->| 
used  as  the  solvent.  A  flow  chart  of  the  sol-gel  procedure  used  is  shown  in  Figure  1. 

Excess  lead  oxide  was  included  m  these  PZT  powders  to  control  the  lead  stoichiometry 
during  the  sintering  of  ceramic  samples.  The  excess  lead  oxide  also  acted  as  a  transient  Liquid 
phase  to  aid  m  sintering  dense  ceramics.  It  was  incorporated  into  the  powders  by  starting  with 
additional  lead  acetate  during  the  sol -gel  procedure.  The  amount  of  excess  lead  oxide  added 
varied  from  one-half  to  eight  mole  percent  depending  on  the  composition  and  on  the  final  grain 
size  of  the  ceramic  samples  that  was  desired.  Due  to  the  greater  partial  pressure  of  lead  oxide  in 


lead  zirconate  compared  to  that  in  lead  titanate,  the  amount  of  excess  lead  oxide  was  increased  as 
the  Zr/Ti  ratio  of  the  PZT  compositions  increased. 

To  study  the  effect  of  calcining  conditions,  the  dried  PZT  50/50  gel  was  calcined  at 
several  temperatures  for  different  lengths  of  time.  The  gel  was  first  heated  slowly  to  250  °C  and 
held  for  three  hours  to  remove  some  of  the  organics.  The  powder  was  still  x-ray  amorphous 
after  this  heat  treatment.  Five  gram  amounts  of  this  powder  were  placed  in  alumina  crucibles  and 
calcined  at  400  to  900  °C  for  different  lengths  of  time.  The  crucibles  were  placed  into  the 
furnace  at  the  calcine  temperature,  held  for  the  desired  length  of  time,  and  then  removed  from  the 
furnace  and  quenched  in  air.  The  crystallized  phases  and  particle  size  of  the  powders  were  then 
determined  using  x-ray  diffraction  and  scanning  electron  microscopy. 

All  of  the  PZT  compositions  were  calcined  using  the  following  procedure  to  produce 
powders  to  be  used  to  press  pellets  for  sintering  into  ceramic  samples.  The  dried  gels  were  first 
heated  at  a  rate  of  3  °C/min  to  200  °C  and  held  for  30  min.  The  temperature  was  then  raised  at 
8  °C/min  to  750  °C  with  one  hour  holds  at  500  and  750  °C 

Green  pellets  1.25  cm  in  diameter  and  3  mm  thick  were  uni  axially  pressed  in  a  steel  die 
at  5,000  psi  without  binder.  The  pellets  were  sintered  on  platinum  sheets  in  a  set  of  alumina 
crucibles  with  a  lead  oxide  source  at  1000  to  1280°  C,  depending  on  the  composition.  Lead 
zirconate  with  five  weight  percent  excess  lead  oxide  was  used  as  the  lead  oxide  source  powder. 

The  alumina  crucible  arrangement  is  shown  in  Figure  2.  By  varying  the  number  of 
crucibles  and  the  amount  of  lead  oxide  source  powder  used,  the  sintering  time  could  be  varied 
from  one  to  60  hours  to  control  the  density  and  grain  size  of  the  sintered  ceramic  samples. 

The  samples  used  for  dielectric  property  measurements  were  sputtered  with  gold 
electrodes.  The  dielectric  constant  and  dielectric  loss  under  a  weak  ac  field  were  measured  at 
frequencies  of  0.1,  1.  10  and  100  KHz  using  a  Hewlett  Packard  4274 A  multifrequency  LCR 
meter  under  full  program  control  in  an  HP9816  computer-controlled  system.  The  temperature 
dependence  of  the  dielectric  properties  was  measured  during  cooling  at  a  rate  of  2  °C  per  minute 
using  a  Delta  Design  2300  environmental  chamber. 


X-ray  powder  diffraction  was  carried  out  on  an  APD  3600  Philips  Automated  X-ray 
diffractometer  with  CuKa  radiation,  using  as-prepared  gel  powders,  calcined  powders  and 
powders  crushed  from  freshly  sintered  ceramics. 

III.  RESULTS  AND  DISCUSSION 

The  x-ray  powder  diffraction  patterns  of  the  PZT  50/50  composition  calcined  at  different 
temperatures  for  one  hour  are  shown  in  Figure  3.  The  x-ray  pattern  of  the  dried  amorphous  gel 
is  also  shown  in  this  figure.  As  described  in  the  Experimental  Procedure  section,  the  dried  gel 
was  first  heated  to  250  °C  for  3  hours,  and  then  placed  direcdy  into  the  furnace  at  the  calcine 
temperature. 

After  calcining  the  gel  at  500°  C  for  one  hour,  two  phases  with  perovskite  and 
pyroChlore-type  structures  had  crystallized  as  shown  in  Figure  3(B).  After  600  °C  for  one  hour 
[Figure  3(C)J  only  the  perovskite  phase  was  detected.  As  the  calcine  temperature  was  increased, 
the  tetragonal  splitting  of  the  perovskite  peaks  became  more  distinct  [Figures  3(D)-(F)]. 

Above  600  °C  additional  diffraction  peaks  developed  corresponding  to  the  crystallization 
of  lead  oxide  as  orthorhombic  PbO,  and  possibly  also  as  tetragonal  PbO  and  orthorhombic 
PbC>2  As  described  previously,  excess  lead  oxide  was  included  in  the  powders  to  aid  in 
sintering  dense  ceramic  samples. 

Figure  4  shows  x-ray  diffraction  patterns  of  the  PZT  50/50  composition  calcined  at 
800  °C  for  several  different  lengths  of  time.  After  calcining  for  five  minutes,  the  perovskite  PZT 
and  lead  oxide  phases  had  crystallized  along  with  cubic  lead  metal  [Figure  4(A)].  The  diffraction 
peaks  at  31.32  and  36.32  degrees  two-theta  correspond  to  metallic  lead,  which  was  probably 
formed  because  of  the  reducing  environment  created  by  these  calcining  conditions.  Metallic  lead 
was  found  to  be  present  when  calcining  at  500-900  °C  for  short  times  of  less  than  15  minutes. 
However  at  400  °C  metallic  lead  was  the  only  phase  that  crystallized  and  remained  even  after 
calcining  for  one  hour. 


After  calcining  for  15  minutes  at  800  °C  [Figure  4{B)],  the  lead  metal  was  no  longer 
present.  The  sharpness  of  the  tetragonal  perovskite  peaks  increased  as  the  calcining  time  was 
increased  (Figures  4(A)-(E)].  In  addition,  the  ratios  of  the  different  forms  of  lead  oxide  present 
appeared  to  change  as  the  calcine  time  was  increased. 

Figure  5  shows  SEM  micrographs  of  PZT  50/50  powders,  calcined  at  three  different 
temperatures.  As  shown  previously,  after  calcining  at  500  °C  for  one  hour,  phases  with 
perovskite  and  pyrochlore  structures  had  crystallized.  Figure  5(A)  shows  the  SEM  micrograph 
of  this  powder.  By  increasing  the  calcine  temperature  the  particle  size  of  the  powder  increased, 
as  shown  in  Figures  5(B)  and  (C). 

Calcining  at  750  °C  for  one  hour  was  found  to  produce  optimum  powders  for  uniaxial 
pressing  of  pellets  without  binder.  This  temperature  was  also  low  enough  to  avoid  the 
volatilization  of  lead  oxide  during  calcining,  and  high  enough  to  fully  crystallize  the  perovskite 
PZT  phase.  Using  the  heating  rates  and  hold  times  that  were  described  in  the  Experimental 
Procedure  section,  all  of  the  compositions  were  calcined  at  750  °C  for  one  hour. 

X-ray  diffraction.panems  of  these  calcined  powders  are  shown  in  Figures  6  and  7.  The 
hkl's  of  the  tetragonal  and  rhombohedral  perovskite  peaks  have  been  labeled  in  Figures  6(A)  and 
7(A),  respectively.  As  previously  discussed  the  additional  peaks  correspond  to  lead  oxide. 
Figures  6(B)  and  (C)  show  that  for  the  PZT  50/50  and  52/48  compositions  the  tetragonality  is 
less  than  that  of  the  PZT  40/60  composition.  The  diffraction  partem  of  the  PZT  50/50 
composition  calcined  at  750  °C  shown  in  Figure  6(B)  should  be  compared  with  the  patterns 
shown  in  Figures  3(D)  and  (E)  for  powders  calcined  at  700  and  800  °C. 

Figure  8  shows  SEM  micrographs  of  four  different  PZT  compositions  calcined  as 
described  above.  The  panicle  sizes  of  the  tetragonal  compositions  52/48  and  50/50  [Figures  8(A) 
and  ( B  )1  are  considerably  larger  than  that  of  the  rhombohedral  compositions  54/56  and  90/10 
[Figures  8(C)  and  (D)J.  This  may  be  due  to  the  higher  crystallization  energies  of  the  higher 
zirconia  content  compositions. 
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Figure  9  shows  the  scanning  electron  microstructures  of  the  surfaces  of  ceramic  samples 
of  PZT  52/48  sintered  at  1 150  °C  for  7,  18.5  and  34  hours.  This  figure  shows  that  the  open 
porosity  decreased  as  the  sintering  time  increased.  As  shown  in  Figure  9(A),  the  sample  sintered 
for  7  hours  had  a  uniform  surface  microstructure,  even  though  the  density  was  low  (91%  of  the 
theoretical  density).  As  the  soaking  time  was  increased  to  18.5  hours  grain  growth  and  a 
decrease  in  porosity  occurred,  but  this  led  to  a  nonuniform  distribution  of  grain  size,  as  shown  in 
Figure  9(B).  By  further  increasing  the  soaking  time  to  34  hours  a  more  uniform  microstructure 
resulted  from  continued  grain  growth,  and  the  density  increased  to  97%  of  the  theoretical  density 
[see  Figure  9(C)]. 

As  shown  by  Figure  9  dense  ceramic  samples  with  uniform  microstructures  could  be 
achieved  at  relatively  low  temperatures  by  sintering  for  long  times.  To  be  able  to  sinter  for  long 
times  the  lead  oxide  atmosphere  had  to  be  carefully  controlled  through  the  addition  of  excess  lead 
oxide  into  the  samples  and  by  using  the  crucible  arrangement  and  lead  source  described  in  the 
Experimental  Procedure  section. 

This  technique  was  also  employed  in  preparing  dense  ceramic  samples  for  all  of  the  other 
PZT  compositions.  As  an  example.  Figure  10(A)  shows  the  SEM  microstructure  of  the  surface 
of  a  sample  of  rhombohedral  PZT  60/40  ceramic  sintered  at  1 100  °C  for  30  hours.  This  sample 
had  a  density  of  97%  of  the  theoretical  density. 

Figures  10(B)  and  (C)  show  the  SEM  microstructure  of  the  fracture  surface  of  a  PZT 
50/50  ceramic  sample  sintered  at  1015  °C  for  25  hours.  These  figures  show  that  the  grains  had 
embedded  into  each  other  because  of  the  continuous  grain  growth  during  the  long  sintering  time. 
This  sample  had  a  uniform  grain  size  with  a  density  of  97%  of  the  theoretical  density. 

In  addition  to  obtaining  dense  ceramics,  single  phase  compositions  were  obtained  by 
allowing  the  excess  lead  oxide  to  gradually  volatilize  out  of  the  samples  during  the  long  sintering 
times.  This  can  be  observed  in  Figures  1 1  and  12,  which  show  the  x-ray  diffraction  patterns  for 
the  tetragonal  and  rhombohedral  compositions,  respectively.  These  figures  show  that  within  the 
limits  of  x-ray  diffraction  the  excess  lead  oxide  had  volatilized  out  of  the  samples  and  only  the 


perovskite  PZT  phase  remained  after  sintering.  The  yellow  color  of  the  samples  also  indicated 
that  the  excess  lead  oxide  had  volatilized  out.  A  reddish  color  occurred  when  excess  lead  oxide 
remained  in  the  samples. 

If  the  excess  lead  oxide  had  not  completely  "boiled  out”  of  the  sample  a  deviation  from 
lead  stoichiometry  could  result  and/or  lead  oxide  could  remain  in  the  grain  boundaries.  Figures 
13(A)  and  (B)  show  the  temperature  dependences  of  dielectric  constant  and  loss  for  two  PZT 
50/50  ceramic  samples.  The  solid  lines  in  these  figures  correspond  to  a  single  phase  ceramic 
sample,  and  the  dashed  lines  correspond  to  a  sample  of  the  same  composition  with  excess  lead 
oxide  still  remaining.  The  dielectric  constant  for  the  single  phase  ceramic  sample  is  larger  than 
that  of  the  sample  with  excess  lead  oxide.  This  can  possibly  be  attributed  to  the  existence  of  lead 
oxide  of  low  dielectric  constant  (about  30  at  room  temperature^)  being  in  a  series  with  pure  PZT 
grains. 

The  existence  of  lead  oxide  as  a  second  phase  in  the  grain  boundaries  is  also  harmful  to 
the  poling  properties  because  of  the  concentration  of  the  poling  field  on  the  boundary  layer  of 
lead  oxide.  This  would  result  in  lower  piezoelectric  constants. 

Green  pellets  of  PZT  52/48  were  sintered  at  1 150  °C  for  1.5,  7,  13.5,  18.5.  29.5,  and 
34  hours.  Even  though  the  soaking  time  was  very  different,  single-phase  ceramics  were  obtained 
by  controlling  the  number  of  crucibles  and  the  amount  of  lead  source  powder  used.  Shirasaki^ 
showed  that  the  lattice  parameters  of  lead  titanate  changed  significantly  as  the  degree  of  lead 
stoichiometry  was  varied.  The  x-ray  patterns  of  the  PZT  52/48  samples  with  different  soaking 
times  were  all  very  similar,  as  were  the  lattice  parameters  calculated  from  these  patterns.  This 
indicates  that  by  controlling  the  sintering  conditions,  the  lead  stoichiometry  could  be  controlled 
for  all  soaking  times. 

The  dielectric  constant  and  loss  of  these  samples  were  plotted  versus  temperature  in 
Figures  14(A)  and  (B).  The  density  of  these  samples  increased  as  the  soaking  tune  increased, 
which  would  contribute  to  the  increase  in  dielectric  constant  as  shown  in  Figure  14(A). 
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IV.  CONCLUSION 


High- purity  lead  acetate,  titanium  isopropoxide  and  zirconium  n-propoxide  were  used  as 
precursors  to  prepare  pure  homogeneous  PZT  powders  at  compositions  across  the  ferroelectric 
region  of  the  phase  diagram  by  a  sol-gel  method. 

In  order  to  obtain  compositionaily  stoichiometric  ceramic  samples,  excess  lead  oxide  was 
included  in  the  compositions.  The  excess  lead  oxide  acted  as  a  transient  liquid  phase  in  the  grain 
boundaries  during  sintering  to  maintain  the  compositional  stoichiometry  and  to  facilitate  grain 
growth  and  densification  by  eliminating  the  porosity  in  the  ceramics. 

Dense  (96  -  97%  of  the  theoretical  density)  pure  PZT  ceramic  samples  with  uniform 
microsmicture  were  obtained  at  relatively  low  temperatures  by  sintering  for  long  times.  By 
controlling  the  amount  of  lead  oxide  source  powder  (PbO-rich  lead  zirconate)  and  changing  the 
alumina  crucible  arrangement,  the  lead  atmosphere  could  be  maintained  during  the  long  sintering 
times.  After  sintering,  only  the  perovskite  PZT  phase  could  be  detected  by  x-ray  powder 
diffraction. 

As  expected  the  dielectric  constant  was  found  to  increase  as  the  ceramic  density 
increased.  In  addition,  when  excess  lead  oxide  was  present  the  dielectric  properties  were 
degraded. 

The  ceramic  processing  procedure  described  in  this  paper  was  used  to  fabricate  pure 
homogeneous  ceramic  samples  for  low-temperature  dielectric,  piezoelectric,  and  elastic  property 
measurements.^  The  electrostrictive  and  pyroelectric  properties  were  also  measured.  Future 
publications  will  describe  these  measurements,  and  the  use  of  these  data  in  the  development  of  a 
phenomenological  thermodynamic  theory  of  PZT. 
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FIGURE  CAPTIONS 


Figure  1 .  Flow  chart  of  the  sol-gel  procedure  used  to  prepare  PZT  powders. 

Figure  2.  The  crucible  arrangement  used  for  sintering  ceramic  samples. 

Figure  3.  X-ray  powder  diffraction  patterns  of  the  (A)  PZT  50/50  gel  and  the  PZT  50/50 
composition  calcined  for  one  hour  at:  (B)  500,  (C)  600.  (D)  700,  (E)  800,  and 
(F)  900  °C.  In  (B)  I  refers  to  the  perovskite  phase  and  13  refers  to  the  pyrochlore 
phase.  In  (F)  the  hkl's  of  the  tetragonal  perovskite  phase  are  labeled. 

Figure  4.  The  x-ray  powder  diffraction  patterns  for  sol-gel  derived  powders  of  PZT  50/50 

calcined  at  800  °C  for  (A)  5  minutes,  (B)  15  minutes,  (C)  30  minutes,  (D)  1  hour, 
and  (E)  4  hours.  In  (E)  the  hkl's  of  the  tetragonal  perovskite  phase  are  labeled. 

Figure  5.  SEM  micrographs  of  sol-gel  derived  PZT  50/50  powders  calcined  at  (A)  500  °C  for 
l  hour,  (B)  800  °C  for  2  hours,  and  (C)  900  °C  for  1  hour. 

Figure  6.  X-ray  powder  diffraction  patterns  for  tetragonal  compositions  calcined  at  750  °C  for 
1  hour:  (A)  PZT  40/60,  (B)  PZT  50/50,  and  (C)  PZT  52/48. 

Figure  7.  X-ray  powder  diffraction  patterns  for  rhombohedral  compositions  calcined  at  750  °C 
for  1  hour:  (A)  PZT  60/40,  (B)  PZT  70/30,  (C)  PZT  90/10,  and  (D)  PZT  94/6. 

Figure  8.  SEM  micrographs  of  sol-gel  derived  PZT  powders  calcined  at  750  °C  for  1  hour: 

(A)  PZT  52/48,  (B)  PZT  50/50,  (C)  PZT  54/46.  and  (D)  PZT  90/10. 

Figure  9.  SEM  surface  microstructures  of  PZT  52/48  ceramics  sintered  at  1 1 50  °C  for 
(A)  7  hours,  (B)  18.5  hours  and  (C)  34  hours. 

Figure  10.  SEM  microstructures  of  (A)  the  surface  of  PZT  60/40  sintered  at  1 100  °C  for 

30  hours,  and  (B)  and  (C)  the  fracture  surfaces  of  PZT  50/50  sintered  at  1015  °C 
for  25  hours. 

Figure  1 1.  X-ray  powder  diffraction  patterns  for  ceramics  of  tetragonal  compositions: 

(A)  PZT  40/60,  (B )  PZT  50/50,  and  (C)  PZT  52/48. 

Figure  1 2.  X-rav  powder  diffraction  patterns  for  ceramics  of  rhombohedral  compositions: 

(Ai  PZT  60/40,  (B )  PZT  70/30,  (C)  PZT  90/10,  and  (D)  PZT  94/6. 

Figure  13.  The  temperature  dependence  of  (A)  the  dielectric  constant  and  (B)  loss  for  PZT  50/50 
ceramic  samples.  The  solid  lines  correspond  to  a  single  phase  ceramic  sample  and  the 
dotted  lines  denote  a  sample  with  a  second  phase  of  lead  oxide. 

Figure  14.  The  temperature  dependences  of  the  (A)  dielectric  constant  and  (B)  loss  for  PZT  52/48 
ceramics  sintered  at  1150  °C  for  (a)  1.5,  (b)  7,  (c)  13.5,  (d)  18.5,  (e)  29.5,  and 
(f)  34  hours. 
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.ABSTRACT 

The  upper  and  lower  limits  of  the  electrostrictive  constants,  dielectric  permittivities, 
spontaneous  polarization,  and  piezoelectric  coefficients  were  calculated  for  ceramic  PbTi03  from 
theoretical  single  crystal  constants.  Experimental  ceramic  data  falls  between  these  upper  and  lower 
limits.  The  large  piezoelectric  anisotropy  d33/d3  j  of  ceramic  PbTi03  was  shown  to  be  related  to 
the  single  crystal  PbTi03  electrostrictive  anisotropies  Qj  1/Q12  “d  Q44/Q 12-  The  possibility  of  a 
change  in  sign  of  the  ceramic  d3  j  coefficient  due  to  a  slight  variation  in  the  single  crystal 
electrostrictive  anisotropies  was  discussed.  The  single  crystal  and  predicted  ceramic  hydrostatic 
electrostrictive  constants  were  found  to  be  equal.  Using  this  result  the  ceramic  hydrostatic  g^ 
coefficient  is  always  smaller  than  the  single  crystal  g^,  but  the  ceramic  hydrostatic  d^  coefficient 
can  be  either  larger  or  smaller  than  the  single  crystal  d^  depending  on  the  dielectric  anisotropy 
£  j  1/633)  of  the  single  crystal. 


1.  INTRODUCTION 


Lead  titanate  has  been  extensively  used  as  an  end  member  of  ceramic  solid  solution 
systems  with  important  piezoelectric  properties. 1  One  particularly  interesting  property  is  the  large 
piezoelectric  anisotropy  (<±33/013  ^ )  that  has  been  achieved  in  modified  lead  titanate  ceramics,  but 
not  present  in  the  single  crystal.  These  materials  are  of  interest  in  high-frequency  ultrasonic 
transducer  applications. - 

Turik  et  ai.3  showed  that  this  large  ceramic  piezoelectric  anisotropy  could  be  obtained  by 
averaging  the  single  crystal  piezoelectric  coefficients.  They  concluded  that  the  small  single  crystal 
dielectric  and  piezoelectric  anisotropies  of  PbTi03  lead  to  large  ceramic  piezoelectric  anisotropy. 
Wersing  et  al.^  combined  Luchaninov's^  averaging  equations  with  Devonshire’s^  single  crystal 
relations  to  calculate  the  ceramic  piezoelectric  coefficients  from  the  single  crystal  dielectric 
permittivities,  electrostrictive  constants  and  spontaneous  polarization.  The  ceramic  <±3  j  coefficient 
was  found  to  disappear  for  a  particular  ratio  of  the  electrostrictive  coefficients  and  a  certain  degree 
of  polarization.^ 

The  purpose  of  this  study  is  to  further  understand  the  behavior  of  PbTiC^  by  calculating 
the  ceramic  electrostrictive  constants,  dielectric  permittivities,  spontaneous  polarization,  and 
piezoelectric  coefficients  from  the  single  crystal  constants  that  were  recently  determined  from  a 
Devonshire  type  phenomenological  theory^.  The  upper  and  lower  limits  of  the  properties  will  be 
calculated  using  simple  averaging  relations.  These  calculations  will  then  be  compared  with 
experimental  data. 


2.  ELECTROSTRICTTV E  CONSTANTS 


The  upper  and  lower  limits  of  the  ceramic  elastic  constants  can  be  calculated  from  single 
crystal  values  using  the  Voigt  and  Reuss  methods  of  averaging  .9  Voigt  determined  the  stiffness  of 
the  ceramic  from  the  space  averages  of  the  stiffnesses  of  the  crystallites,  while  Reuss  found  the 
ceramic  compliance  from  the  space  averages  of  the  compliances  of  the  crystallites.  Hill^  showed 
that  both  of  these  models  are  only  approximate  and  that  the  true  values  should  fall  between  these 
bounds.  In  most  cases,  the  experimental  values  do  fall  between  the  Voigt  and  Reuss  limits. 
Electrostriction  is  also  a  fourth  rank  tensor  with  similar  matrix  to  tensor  conversion  as  the  elastic 
constants,  and  thus  the  same  equations  can  be  used  to  predict  the  upper  and  lower  limits  of  the 
electrostricdve  constants. 

The  electrostricdve  (Qyy)  and  inverse  electrostricdve  (qjjjj)  constants  relate  the  strain  (xy) 
to  the  polarizadon  components  (P^Pj)  by  the  following  relauons: 

xij  =  Qijkl  pkpl  ( 1 ) 

PiPj  =  ^ijkl  xkl  (2) 

The  tensor  to  matrix  conversions  of  the  electrostricdve  and  inverse  electrostricdve  constants  are  the 
same  as  that  of  the  elastic  compliances  and  stiffnesses,  respectively: 


Qijkl  =  Qmn  • 

when  m  and  n  =  1,  2,  or  3 

^Qijki  =  Qmn  • 

when  m  or  n  =  4,  5.  or  6 

4Qijkl  =  Qmn  • 

when  m  and  n  =  4.  5,  or  6 

(3) 

^ljki  =  ^mn  ■ 

for  all  m  and  n 

(4) 

L'stng  a  similar  procedure  as  that  of  Voigt  and  Reuss  for  the  elastic  constants,  the 
eiectrostrictive  and  inverse  electrostnctive  constants  of  a  polycrystalline  ceramic  can  be  calculated 
from  the  space  averages  of  the  single  crystal  values  by  assuming  that  the  ceramic  is  composed  of  a 
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Equations  (5)  and  (9)  give  ceramic  electrostrictive  constants  corresponding  to  the  senes 
and  parallel  models,  respectively,  and  will  be  used  to  calculate  the  upper  and  lower  bounds  of  the 
ceramic  electrostrictive  constants  from  the  single  crystal  values.  Devonshire2*^  calculated  the 
ceramic  electrostrictive  constants  of  BaTiO^  using  Equation  (5).  However  at  that  time  the  single 
crystal  electrostrictive  constants  had  been  overestimated  due  to  the  low  values  of  the  spontaneous 
polarization  that  were  used  in  the  calculations.  Thus  the  agreement  with  experimental  ceramic 
electrostrictive  constants  was  not  very  good  When  a  more  realistic  value  of  the  polarization 
(0.26  C/m2  at  room  temperature)  was  later  measured^,  Jona  and  Shirane^2  recalculated  the  single 

crystal  electrostrictive  constants  and  used  Equation  (5)  to  determine  the  ceramic  Qj  j  and  Qp 
values.  These  calculations  were  in  good  agreement  with  the  experimental  measurements. 

The  ceramic  electrostrictive  constants  of  BaTiC>3  were  calculated  from  the  single  crystal 

values  using  Equations  (5)  and  (9)  as  shown  in  Table  I.  The  values  of  the  experimental  ceramic 
electrostrictive  constants,  also  listed  in  this  Table,  fall  between  these  upper  and  lower  bounds.  Thus 
the  Voigt  and  Reuss  type  methods  of  averaging  appear  to  work  well  in  predicting  the  limits  of  the 
electrostrictive  constants  in  addition  to  the  elastic  constants. 

Two  sets  of  calculated  upper  and  lower  bounds  of  the  electrostrictive  constants  of  ceramic 
PbT'103  are  listed  in  Table  I.  The  same  values  of  the  single  crystal  Qj  j  and  Qp  constants  were 
used  in  both  sets  of  calculations,  but  different  Q44  values  were  used.  In  the  first  set  of  PbTiOj 
calculations  a  Q  p  of  6.75  (10'2  m"Vc2)  was  used.  This  value  was  calculated  in  Reference  3  from 
experimental  values  of  £p,  dp,  and  Ps  from  PbTi03  single  crystals.  In  the  second  set  of 
calculations  a  Op  of  2.0  (10'2  m^/C2)  was  used.  This  value  was  calculated  in  Reference  15  from 
spontaneous  polarization  and  strain  data  for  the  rhombohedral  Pb(Zrg  qTig  1)03  composition.  In 

all  three  sets  of  data  shown  in  Table  I  the  magnitudes  of  the  ceramic  1  and  Qp  constants  are  less 
than  the  corresponding  single  crystal  values,  but  the  ceramic  Q44  constants  are  larger. 

The  electrostrictive  anisotropies  -Qj  j/Qp  and  -Q44/Q12  increase  in  BaTi03  and  PbTiO; 
ceramics  compared  to  the  corresponding  single  crystal  anisotropies  as  shown  in  Table  I.  The 


-Qj  anisotropy  increases,  even  though  the  Qj  [  constant  decreases,  because  of  the  greater 
decrease  in  the  -Q 12  constant.  The  -Q44/Q12  anisotropy  increases  because  of  both  the  decrease  in 
-Qj2  and  increase  in  Q44. 

The  electrostrictive  anisotropies  of  ceramic  PbTiO^  are  larger  than  those  in  BaTiO^, 
because  of  the  differences  in  single  crystal  anisotropies.  In  the  second  set  of  PbTiC^  data  the 
ceramic  anisotropies  calculated  from  the  parallel  model  changed  sign  because  Qp  became  positive. 
To  better  understand  the  effect  of  the  single  crystal  anisotropies  on  the  ceramic  anisotropy 
Equations  (5)  and  (9)  can  be  rearranged  as  shown  below: 

-l/o+ l/(2q)+4 

Series  =  - - — —  •  “d  (10) 

3/0  +  l/q  -  2 

2  +  3(1/0  -  1)  +  4(i(l/o  +  l)(l/o  -  2)  ! 

^parallel  =  I  '  ^  1  >  ( i  i ) 

F  L  4 +  (l/o-  l)-2q(l/o  +  l)(l/o- 2)  J 

where  o  =  -Qp/Qj  1  -  O  =*  -Q^/Qn  .  and  4  -  Q12/Q44  •  02) 

The  ratio  o  is  the  electrostrictive  analogue  to  Poisson's  ratio  (=  -sp/si  [)■  The  electrostrictive  ratios 
defined  by  Equation  (12)  are  the  inverse  of  the  electrostrictive  anisotropies  listed  in  Table  I. 

In  Figure  1  the  ceramic  ratio  o  was  plotted  versus  the  single  crystal  o  ratio  for  different 
values  of  the  single  crystal  4  ratio  using  Equations  (10)  and  (11).  Using  either  the  series  or  parallel 
models,  the  ceramic  o  ratio  decreases  (anisotropy  increases)  as  the  single  crystal  o  and  4  ratios 
decrease  and  increase,  respectively.  The  value  of  the  4  ratio  has  less  effect  on  the  ceramic  a  when 
using  the  series  model  compared  to  the  parallel  model.  The  ceramic  a  can  be  either  positive  or 
negative  depending  on  the  values  of  the  single  crystal  ratios.  A  negative  value  of  the  ceramic  a 
would  be  due  to  a  positive  Qp.  assuming  that  Qj  j  is  also  positive.  If  the  ceramic  a  changes  sign 
because  the  -Qp  constant  decreased  to  zero  and  changed  sign,  then  the  ceramic  anisotropy 
t-Q[  [/Qp)  would  increase  ana  go  to  infinity. 
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The  square  shaped  data  points  in  Figure  1  represent  BaTiC^,  and  the  circular  and  triangular 
shaped  data  points  represent  the  first  and  second  sets  of  PbTiOj  data  in  Table  I,  respectively.  As 
shown  in  Figure  1  the  single  crystal  ratios  of  BaTiC>3  cause  the  ceramic  o  ratio  to  be  larger  than  that 
of  PbTi03  resulting  in  less  anisotropy.  When  using  the  smaller  value  of  the  Q44  constant,  the 
upper  and  lower  limits  of  the  PbTiC^  ceramic  a  ratio  range  from  positive  to  negative  values, 
illustrating  the  possibility  of  having  very  large  anisotropy  and  a  positive  ceramic  Q12  constant. 

The  larger  value  of  the  Q44  constant  shown  in  Table  I  should  better  represent  the  actual 
Q  |  a  of  PbT'103,  since  this  value  was  determined  from  measurements  on  PbT'103.  This  value  will 
be  used  in  calculating  the  piezoelectric  coefficients  later  in  the  paper.  When  using  this  value,  large 
ceramic  anisotropy  still  resulted  as  shown  in  Table  I.  The  electrostrictive  constants  of  perovskite 
ferroelectrics  have  been  experimentally  shown  to  be  only  slightly  temperature  dependent,  16.17 
thus  were  assumed  to  be  independent  of  temperature  throughout  this  paper.  However,  since  the 
magnitude  of  the  Qj2  constant  of  ceramic  PbT'103  is  small,  a  slight  temperature  dependence  of  the 
single  crystal  electrostrictive  constants  could  cause  the  ceramic  Q 12  to  go  to  zero  and  change  signs 
as  a  function  of  temperature.  This  will  be  further  discussed  later  in  the  paper  when  the 
electrostnctive  anisotropy  is  related  to  the  piezoelectric  anisotropy. 

An  interesting  result  of  this  averaging  procedure  is  that  the  ceramic  hydrostatic 
electrostrictive  constant  (Q^  =  Qj  14-  2  Q^)  is  equal  to  the  single  crystal  when  using  either 
Equation  (5)  or  (9),  even  though  the  magnitudes  of  the  ceramic  Qi  j  and  Qj2  coefficients  are 
considerably  lower  than  the  single  crystal  values.  The  experimental  ceramic  Qj,  of  BaTi03  is  3.3 
1 10‘*  nfVc^)  from  the  data  in  Table  I.  which  is  in  fairly  good  agreement  with  the  single  crystal  and 
predicted  ceramic  values  of  2.3.  However,  even  better  agreement  is  found  with  ceramic  Q^'s  of  2. 1 
and  2.8  CIO'^  nT*/C“\  which  can  be  calculated  from  data  in  Reference  18  using  the  relation 
Qu,  =  -  i d0/dP V( 2e0O  ,  where  C  is  the  Curie- Weiss  constant  and  d9/dP  is  the  slope  of  the  pressure 
dependence  of  the  Curie  temperature  <  0 ).  A  similar  result  also  occurs  when  using  these  senes  and 
paraLlel  models  for  the  elastic  constants.  The  ceramic  volume  compressibility  is  equal  to  that  of  the 
single  crystal. 
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3.  DIELECTRIC  PERMITTIVITY 

Parallel  and  series  models  were  also  used  to  calculate  the  upper  and  lower  limits  of  the 
ceramic  dielectric  permittivity  from  the  single  crystal  values: 

Parallel:  e  =  (2/3)6^  +  (1/3)633  03) 

Series:  1/e  =  (2/3)/e1  j  +  (I/3VC33  (14) 

e  is  the  ceramic  permittivity,  and  £j  j  and  633  are  the  single  crystal  permittivities 
perpendicular  and  parallel  to  the  polar  axis,  respectively  (assumed  to  be  equal  to  the  dielectric 
susceptibilities). 

The  upper  and  lower  limits  of  the  ceramic  permittivity  were  plotted  versus  temperature  in 
Figure  2  using  Equations  (13)  and  (14)  and  the  phenomenological  calculations  of  the  single  crystal 
permittivities  from  Reference  8.  Only  a  slight  difference  in  the  upper  an  lower  limits  was  found, 
because  of  the  small  dielectric  anisotropy  of  single  crystal  PbTi03*  The  experimental  data  (circular 
data  points)  plotted  in  this  figure  were  calculated  from  the  piezoelectric  d33  and  g33  data  given  in 
Reference  19  (and  plotted  later  in  this  paper)  for  a  ceramic  PbTi03  sample  doped  with  1.0  mole 
percent  \InO2.  experimental  data  is  in  good  agreement  with  the  predicted  upper  and  lower 
bounds.  Another  experimental  data  point  is  plotted  in  this  figure.  This  value  was  listed  in  a  table  in 
Reference  19  for  the  same  composition  measured  at  room  temperature.  The  predicted  upper  and 
lower  limits  of  the  ceramic  dielectric  permittivity  at  25°C  are  105  and  96.5.  These  values  were 
calculated  from  the  single  crystal  6j  j  and  £33  values  of  124.4  and  66.6  from  Reference  8. 

4.  SPONTANEOUS  POLARIZATION 


There  are  six  possible  directions  for  the  polar  axis  in  a  tetragonal  structure  such  as  that  of 
PbTi03.  Lf  an  applied  electric  field  causes  all  of  the  domains  in  a  ceramic  to  align  along  the  closest 
of  these  directions  to  the  field,  then  the  polarization  of  the  ceramic  (P)  will  be:  P  =  0.831  P.  w  here 


>  jf**  *  - 1 


vs 


P  is  the  single  crystal  polarization. 2^  This  gives  the  upper  limit  of  the  ceramic  polarization  by 
assuming  that  1/6  of  the  domains  did  not  require  switching,  1/6  switched  through  1 80°,  and  2/3 
through  90°. 2  ^  However,  Carl22  found  that,  in  dense  PbTi03  ceramics  doped  with  small  amounts 
of  lanthanum  and  manganese,  the  180°  domain  alignment  was  virtually  perfect,  but  only  about  ten 
percent  of  the  domains  switched  by  90°.  By  assuming  that  no  90°  domain  switching  occurs  and 
that  only  1/6  of  the  domains  realign  through  180°,  P  =  ( 1/3X0.83 1)P  =  0.277  P.  This  will  be 
assumed  to  be  the  lower  limit  of  the  ceramic  polarization.  If  90°  domain  alignment  does  not  occur, 
then  the  2/3  of  the  domains  that  would  ideally  switch  through  90°  will  instead  possibly  switch 
through  180°.  If  all  of  these  domains  switch  through  180°  then  P  *  0.5  P.  This  result  will  be 
assumed  to  be  the  upper  limit  of  the  ceramic  polarization. 

The  upper  and  lower  limits  of  the  spontaneous  polarization  of  ceramic  PbTiC^  are  plotted 
in  Figure  3  along  with  the  single  crystal  polarization.  Carl22  found  that  the  polarization  of  ceramic 
PbTi03  was  approximately  0.3  C/m2  at  room  temperature.  This  value  falls  between  the  calculated 
limits  at  25°C  of  0.21  and  0.38  C/m2  as  shown  in  Figure  3. 

5.  PIEZOELECTRIC  COEFFICIENTS 

The  piezoelectric  voltage  (gy)  and  charge  (dy)  coefficients  of  a  single  crystal  of  PbTi03  are 
related  to  the  electrostrictive  constants,  dielectric  permittivities,  and  spontaneous  polarization  bv  the 
following  equations2-^: 

§33  =  2Qllp3-  §31  =  2  Ql2  p3  •  gl5  =  Q44p3  (15) 

d33  =  2eOe33  Qll  p3  -  d31  *  2eOe33Ql2p3’  d15  =  ^0  el  1  Q-U  p3  <16^ 

These  equations  are  based  on  the  approximation  that  the  dielectric  susceptibilities  rj  j  j  and  are 
equal  to  the  dielectric  permittivities  j  and  £33. 


Equations  (15)  and  (16)  are  single  crystal  relations  and  should  probably  not  be  used  for 
ceramics.  However,  these  equations  can  be  used  to  determine  the  upper  and  lower  limits  of  the 
ceramic  piezoelectric  coefficients  from  the  limits  of  the  ceramic  electrostrictive  constants,  dielectric 
permittivities,  and  spontaneous  polarization.  For  example: 

I33  -  2 Qn h0-  I33  -  2 Qn •  <17> 

where  U  and  L  refer  to  the  upper  and  lower  limits  as  defined  in  the  previous  sections.  Similar 
equations  were  used  to  calculate  the  ceramic  limits  for  the  other  piezoelectric  constants.  Since  there 
was  very  little  difference  between  the  upper  and  lower  limits  of  the  ceramic  PbTi03  dielectric 
permittivity  (see  Figure  2),  the  average  of  the  series  and  parallel  models  was  used  in  the 
calculations  of  the  piezoelectric  d^  constants.  However,  for  a  material  such  as  BaTiOj  with  a  large 
dielectric  anisotropy,  the  limits  of  the  dielectric  permittivity  should  also  be  accounted  for. 

Using  this  procedure  the  upper  and  lower  limits  of  the  piezoelectric  coefficients  were 
calculated  and  plotted  versus  temperature  in  Figure  4.  The  single  crystal  coefficients  are  also  plotted 
m  this  figure  for  comparison  along  with  experimental  ceramic  data.  The  values  of  the  piezoelectric 
coefficients  at  25  °C  are  listed  in  Table  II.  The  circular  data  points  shown  in  Figures  1(a)  and  (d) 
were  measured  in  Reference  19  on  ceramic  PbTiC>3  doped  with  1.0  mole  percent  MnC^.  This  data 
falls  between  the  predicted  upper  and  lower  limits  with  similar  temperature  dependences  as  the 
calculated  curves.  The  diamond  shaped  data  points  shown  in  Figures  1(a),  (b),  (d),  and  (e)  are  also 
from  Reference  19  for  the  same  composition.  The  corresponding  experimental  dielectric  data  was 
previously  shown  in  Figure  2.  The  experimental  g3  j  and  d3  j  coefficients  also  fall  between  the 
upper  and  lower  limits.  The  square  shaped  data  points  shown  in  Figures  1(c)  and  (0  are  from 
Reference  24  for  ceramic  PbTi03  doped  with  1.0  and  2.5  mole  percent  MnC>2  and  La03/2- 
respectively.  The  experimental  coefficient  of  this  composition  falls  between  the  limits,  but  the 
dj^  coefficient  was  greater  than  the  upper  limit  because  of  a  larger  dielectric  permittivity  (170)  than 
that  predicted  The  difference  between  the  ceramic  and  single  crystal  values  of  the  gjj  and  dj^ 


coefficients  is  smaller  than  that  of  the  other  coefficients,  because  the  ceramic  Q44  constant  is  larger 
than  the  single  crystal  value. 

From  Equations  (15)  and  (16)  the  piezoelectric  anisotropy  of  a  single  crystal  is  found  to  be 
equal  to  the  electrostrictive  anisotropy: 

§33/831  =  d33/'d3l  =  Qll/Ql2  =  *1/a  03) 

This  single  crystal  relation  can  be  used  to  approximate  the  upper  and  lower  limits  of  the  ceramic 
piezoelectric  anisotropy  from  the  ceramic  electrostrictive  anisotropy  by  assuming  that: 

(§33/§3l)U  =  83H/83?  •  (§33/§3l)L  =  833/831'  09) 

Equations  (10)  and  (11)  and  Figure  1  can  then  be  used  to  predict  the  upper  and  lower  bounds  of  the 
ceramic  piezoelectric  anisotropy  from  the  single  crystal  electrostrictive  anisotropies.  From  Table  n, 
experimentally  -g3 1/^33  =  0.11  for  ceramic  PbTiC^.  This  value  falls  between  the  predicted  ceramic 
-Ql2/Qi  1  bounds  of  0.077  and  0. 17  plotted  in  Figure  1  (listed  in  Table  I  as  -Qi  ^/Q^).  However, 
the  experimental  -g3i/g33  of  BaTi03  a  value  of  0.4 1^,  which  does  not  fall  between  the 
predicted  ceramic  -Q12/Q1 1  bounds  of  0.19  and  0.31  (see  Table  I). 

Equation  19  was  based  on  the  assumption  that  the  boundary  conditions  are  the  same  for  the 
g33  and  g3j  coefficients.  However,  the  boundary  conditions  might  not  be  the  same,  and  thus  the 
following  relations  should  probably  be  used  to  calculate  the  bounds  of  the  piezoelectric 
anisotropies: 

(§33/§3llU=  S33/§31  =  (d33/d31)L=  ^^/d^  =  Qn/Q^  (2°) 

^§33/831)  =  833/831  =  (d33/d3i) L  =  ^3/^  =  Qn/Ql2  (21) 

Since  for  a  particular  domain  configuration  in  a  ceramic  the  polarization  P3  and  dielectric 
permittivity  €33  are  the  same  in  the  B33  and  <13  j  relations,  they  were  assumed  to  cancel  out  of 
Equations  20  and  21.  The  electrostrictive  anisotropies  Q^/Q^  and  Qn/^12  resu^  in  wider  limits 
than  those  plotted  in  Figure  1.  and  can  be  calculated  from  relations  similar  to  Equations  10  and  ’. 
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Using  Equations  20  and  21  the  experimental  value  of  -gj  1^33  of  BaTi03  (0.41 )  falls  between  the 

predicted  -Q\  1/Q12  li™1*  of  0. 1 1  and  0.52  (calculated  using  the  values  from  Table  I). 

From  Equations  20  and  2 1  the  upper  and  lower  limits  of  the  ceramic  piezoelectric 

anisotropy  only  depend  on  the  electrostncrive  anisotropy  and  are  independent  of  the  dielectric 
properties.  However,  from  piezoelectric  averaging  equations  Turik  et  al.^  concluded  that  the  low 
dielectric  anisotropy  of  single  crystal  PbTiC^  contributed  to  the  large  ceramic  piezoelectric 
anisotropy.  Using  Wersing's^  approach  of  combining  Luchaninov’s^  averaging  equations  with 
single  crystal  relations  (Equation  16),  and  then  solving  for  the  anisotropy,  results  in  the  following 
relation: 


2Qll  ell  Q44 
_  -  +  -  +  2 

d33  (1/8-1)  Q12  e33Qi2 

d31  Oil  E1 1  Q44  |  !+5 

Ql2  2  £33  Q\2  1-5 


(22) 


where  8  =  <cos^9>/  <cos0>,  and  9  is  the  angle  between  the  direction  of  the  spontaneous 
polarization  of  a  crystallite  and  the  direction  of  the  poling  field.  Equation  22  indicates  that  if  the 
single  crystal  dielectric  anisotropy  (E  j  1/633)  decreases,  the  ceramic  piezoelectric  anisotropy  will 
increase.  If  8  =  3/5  and  £j  1/633  =  1,  then  the  right  side  of  Equation  23  reduces  to  the 
electrostrictive  series  model  (Equation  10)  which  gave  the  upper  limit  of  the  a  ratio  and  the  lower 
limit  of  the  ceramic  electrostrictive  anisotropy.  This  indicates  that  Luchaninov's^  averaging 
equations  may  represent  the  lower  limit  of  the  ceramic  piezoelectric  anisotropy  which  would  result 
from  the  upper  limits  of  the  piezoelectric  coefficients.  Averaging  equations  for  the  lower  limits  of 
the  piezoelectric  coefficients  may  show  that  the  ceramic  piezoelectric  anisotropy  will  increase  when 
the  single  crystal  dielectric  anisotropy  increases,  which  is  the  opposite  conclusion  as  that  of  the 
other  limit.  Thus  between  these  Limits  there  may  be  little  effect  on  the  ceramic  piezoelectric 
anisotropy  from  the  single  crystal  dielectric  anisotropy. 


Irrespective  of  the  dielectric  anisotropy  and  degree  of  polarization,  the  large  ceramic 
piezoelectric  anisotropy  of  PbTiC^  can  be  explained  by  the  the  large  electrostrictive  anisotropy 
which  was  shown  in  Section  2  to  be  due  to  the  small  magnitude  of  the  ceramic  Qj2  constant.  Since 
the  value  the  ceramic  Q12  ‘s  close  to  zero,  the  sign  of  Qj2  could  easily  change  from  a  slight 
variation  in  the  single  crystal  anisotropies.  This  could  also  cause  the  CI31  coefficient  to  change 
signs,  and  result  in  an  infinite  piezoelectric  anisotropy  when  dj  j  goes  to  zero. 

The  single  crystal  electrostnctive  anisotropies  of  PbTiC>3  can  be  varied  by  changing  the 
composition  and/or  temperature.  When  some  of  the  titanium  in  PbTi03  is  substituted  with 
zirconium  to  form  PZT,  the  single  crystal  -Q^/Ql  1  ratio  increases,  while  the  -Q12/Q44  ratio 
decreases.  This  causes  the  ceramic  -Q^/Ql  1  and  -^3 1M33  ratios  to  increase  (see  Figure  1),  which 
results  in  less  anisotropy.  Zom  et  al.  ^  experimentally  found  that  -Q^Ql 1"  0-5  and  -Q12/Q44  * 
0.3  for  the  Pbg ,83^ro .^ag .05^0.6^*',0.38^30.02^3  composition  which  is  close  to  the 
morphotropic  boundary.  These  values  would  result  in  a  ceramic  piezoelectric  anisotropy  (-<13  3/d  3  j ) 
of  2  using  either  the  series  or  parallel  models,  which  is  in  good  agreement  with  the  measured 
piezoelectric  anisotropies. 1 

Doping  PbTiC>3  with  other  elements,  such  as  samarium  or  calcium,  was  shown  to 
increase  the  anisotropy. ^--6  Large  piezoelectric  anisotropies  have  also  been  found  for  the 
Pb(Zrg ,95(Mn  1/31^2/3)0.05)03  composition."7  This  suggests  that  the  single  crystal 
electrostnctive  ratios  in  the  PZT  system  change  in  such  a  way  as  to  cause  the  anisotropy  to  increase 
when  moving  from  the  morphotropic  boundary  towards  PbZrC>3,  as  occurs  when  going  the  other 
way  to  PbT'103. 

From  Equations  (15)  and  !  16)  the  hydrostatic  piezoelectnc  voltage  (g^  =  g33  +  2g3j)  and 
strain  (dv,  =  d-^3  +■  2d3j)  coefficients  of  a  single  crystal  can  be  calculated  from  the  following 
relations: 


2h  =  :p3Qh’  dh  =  2  £<)  e33  p3  % 


■yw  >.V  V.V.V^.V.V.V.V.7 
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These  single  crystal  relations  can  also  be  used  to  predict  the  upper  and  lower  bounds  of  the  ceramic 
hydrostatic  piezoelectric  coefficients.  By  dividing  the  resulting  equations  for  the  ceramic  bounds  by 
the  single  crystal  equations,  and  again  realizing  that  for  a  particular  domain  configuration  in  a 
ceramic  the  polarization  P3  and  dielectric  permittiviiy  633  are  the  same  in  the  533  and  d3  j 
equations,  the  following  relations  are  obtained: 


-  L  -  -  L 

=  P3_  Oh 

8h  P3 

«*hL  _  £33  p3  Qh 
dh  £33  p3  Qh 


-U  -  -U 
§h  _  p3  Oh 

gh  p3  Qh 

dhU  _  e33  P3  Oh 
dh  e33  p3  Qh 


Due  to  possibility  of  having  different  boundary  conditions  for  the  Qj  j  and  Qj 2  constants,  the 
limits  of  the  hydrostatic  electrostrictive  constant  should  be  calculated  from  the  following  relations: 


Qh  38  Qu  ^  2  Q 12  • 


pcU  -U  -L 

Qh  *  Qll  +  2  Q12 


However,  if  the  boundary  conditions  of  Qj  j  and  Q12  arc  the  same,  then  the  upper  and 
lower  limits  of  would  be  equal  to  the  single  crystal  (as  described  in  Section  2).  The  values 
of  the  single  crystal  and  ceramic  Q^'s  of  BaT'103  are  in  fairly  good  agreement.  Thus  if  the  single 
crystal  and  ceramic  Q^s  are  assumed  to  be  equal,  then  from  Equation  24  the  ratio  of  the  ceramic  g^ 
divided  by  the  single  crystal  g^  only  depends  on  the  ratio  of  the  ceramic  polarization  divided  by  the 
single  crystal  polarization.  Since  the  polarization  of  a  ceramic  is  always  lower  than  that  of  the  single 
crystal,  the  value  of  the  ceramic  g^  should  be  lower  than  the  g^  of  the  single  crystal. 
Experimentally,  this  is  found  in  both  PbTiC^  and  BaTiC>3. 

The  ratio  of  coefficients  would  depend  on  the  ratio  of  the  ceramic  £33  divided  by  the 
single  crystal  £33,  in  addition  to  the  degree  of  poling.  For  a  material  such  as  PbTiC^  with  a  small 
dielectric  anisotropy,  the  value  of  the  ceramic  d^  should  be  lower  than  the  of  the  single  crystal. 
Experimentally.  PbTiC^  has  a  d^/d^  rado  of  0.46.  However.  Equation  25  predicts  that  a  material 


with  a  large  dielectric  anisotropy  (£11/633)  such  as  BaTiC^  could  have  a  larger  ceramic  dh  than  the 
corresponding  single  crystal  d^.  Experimentally,  BaTiOj  has  a  ceramic  d^  value  of  approximately 
twice  the  single  crystal  value. ^  These  results  may  be  important  in  the  design  of  materials  for 
hydrostatic  transducer  applications,  such  as  when  a  piezoelectric  powder  is  dispersed  in  a 
polymer^.  The  properties  of  this  type  of  composite  will  depend  on  the  composition  of  the  powder 
used  and  whether  the  powder  is  composed  of  single  domain  or  multi-domain  particles. 

SUMMARY 

The  upper  and  lower  limits  of  the  electrostrictive  constants,  dielectric  permittivity, 
spontaneous  polarization,  and  piezoelectric  coefficients  were  calculated  for  ceramic  PbTiC^  from 
theoretical  single  crystal  constants.  The  ceramic  was  assumed  to  be  composed  of  a  large  number  of 
small  single  crystals  with  all  possible  orientations.  The  ceramic  properties  were  calculated  from  the 
space  averages  of  the  single  crystal  constants,  assuming  that  only  180°  domain  switching  occurs. 
The  experimental  ceramic  data  was  shown  to  be  within  the  predicted  upper  and  lower  limits. 
Additional  comparisons  have  been  made  between  the  theorencal  predictions  and  low  temperature 
dielectric  and  piezoelectric  measurements  on  samarium  doped  lead  titanate  ceramics.-^ 

The  series  and  parallel  equations  used  to  calculate  the  upper  and  lower  limits  were  used  to 
derive  relations  that  showed  how  the  ceramic  electrostrictive  anisotropy  (Qj  ^/Qp)  depends  on  the 
single  crystal  electrostrictive  anisotropies  (Qj  j/Ql2  ^  QWQp)-  "^csc  relations  can  be  used  for 
any  fourth  rank  tensor  with  similar  tensor  to  matrix  conversion,  such  as  the  elastic  constants.  The 
ceramic  piezoelectric  anisotropy  (^33/^3  j)  was  also  shown  to  be  related  to  the  ceramic 
electrostrictive  anisotropy.  PbTiC>3  was  shown  to  have  a  large  piezoelectric  anisotropy,  because  of 
the  large  electrostrictive  anisotropy  which  was  due  to  the  small  magnitude  of  the  ceramic  Qp 
constant.  Since  the  value  the  ceramic  Qp  is  close  to  zero,  the  sign  of  Qp  could  easily  change  from 
a  slight  variation  in  the  single  crystal  anisotropies  due  to  a  temperature  dependence  or  modification 


of  the  composition.  This  would  also  cause  the  d3j  coefficient  to  change  signs,  and  result  in  an 
infinite  piezoelectric  anisotropy  when  H3  [  goes  to  zero. 

Damjanovic  et  al.^O  found  that  in  calcium  or  samarium  modified  PbTi03  ceramics  the  d^  j 
coefficient  changes  sign  from  negative  values  at  low  temperatures  to  positive  values  at  high 
temperatures.  They  showed  that  this  change  in  sign  was  due  to  a  positive  extrinsic  contribution  to 
d3 1  that  may  dominate  the  negative  intrinsic  contribution.  They  also  found  that  in 
samarium  doped  PbTi03  samples  poled  with  low  electric  fields  a  positive  coefficient  resulted 
over  all  of  the  temperature  range  tested  (down  to  -180°C).  If  the  d^  ^  coefficient  remains  positive  at 
low  temperatures  where  the  extrinsic  contributions  have  "frozen  out",  then  the  intrinsic  ^33  may 
have  increased  to  zero  and  become  positive  at  low  temperatures.  They  also  found 
that  as  the  poling  field  was  increased  the  d3  j  versus  temperature  curves  shifted  to  lower  values 
(more  negative).  The  amount  of  90°  domain  switching  increases  as  the  poling  field  is  increased 
causing  the  intrinsic  ceramic  anisotropy  to  decrease  toward  that  of  the  single  crystal.  This  would 
cause  the  intrinsic  <13  j  to  shift  to  lower  values  approaching  the  single  crystal  value  as  the  poling 
field  is  increased  and  would  possibly  explain  the  poling  dependence  that  Damjanovic  et  al.^ 
found. 

The  single  crystal  and  ceramic  hydrostatic  electrostrictive  constants  were  found  to  be  equal 
when  using  either  the  series  or  parallel  models.  Using  this  result  the  ratio  of  the  ceramic  to  single 
crystal  hydrostatic  g^  coefficients  (g^/g^)  was  found  to  only  depend  on  the  degree  of  polarization 
1  P/P).  The  d^/df,  ratio  was  found  to  depend  on  the  ceramic  to  single  crystal  dielectric  ratio  £33/233. 
in  addition  to  the  degree  of  poling.  The  ceramic  d^  could  be  less  than  the  single  crystal  d^  as  is 
always  true  for  the  g^  coefficients,  or  could  be  larger  depending  on  the  dielectric  anisotropy 
’ e 1 1/633)  ot:'  stogie  crystal. 

The  averaging  procedure  described  in  this  paper  provides  a  simple  method  of  predicting  the 
upper  and  lower  bounds  of  the  intrinsic  ceramic  properties  from  the  single  crystal  constants.  This 
procedure  could  also  be  used  to  determine  single  crystal  constants  from  the  ceramic  properties.  Pan 
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and  Cross^ 1  have  recently  used  the  electrostnctive  averaging  equations  to  determine  the  single 
crystal  Q44  constant  of  PbfMg^Nb^^  from  the  measured  single  crystal  and  ceramic  Qj  j  and 
Q1 2  constants.  These  equations  may  also  be  useful  in  determining  the  compositional  dependence  of 
the  single  crystal  electrostrictive  constants  in  the  PZT  system. 
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TABLE  I 

Electrostricdve  Constants  and  Anisotropies  of  BaTi03  and  PbTi03 
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•  Q44 
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TABLE  H 


The  Piezoelectric  Coefficients  of  Ceramic  PbTi03  at  25°C 


Coefficient 
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JDiamond  shaped  data  points  in  Fig.  4  (doped  with  1.0  mole%  Mn,  from  Ref.  19V 
Circular  shapeti  data  points  in  Fig.  4  (  doped  with  1.0  mole%  Mn,  from  Ref  19) 

Square  shaped  data  points  in  Fig.  4  ( doped  with  1.0  and  2.5  mole%  Mn  and  La  from  Ref  ”>4' 


FIGURE  CAPTIONS 

Figure  1.  The  ceramic  a  ratio  plotted  versus  the  single  crystal  o  ratio  for  different  values  of  the 
single  crystal  p.  ratio  calculated  from  a)  the  series  model  using  Equation  (10)  and  b)  the 
parallel  model  using  Equation  (11).  The  square  shaped  data  points  correspond  to 
BaTi03,  circular  shaped  to  the  first  set  of  PbTi03  data  in  Table  I,  and  the  triangular 
shaped  to  the  second  set  of  PbTi03  data. 

Figure  2.  The  dielectric  susceptibility  plotted  versus  temperature  for  ceramic  PbTiC^.  The  data 
points  are  experimental  measurements  from  Reference  19. 

Figure  3.  The  spontaneous  polarization  of  PbTi03  plotted  versus  temperature.  The  dashed  curve 
is  the  single  crystal  polarization  calculated  from  phenomenological  theory  in  Reference 
8.  The  solid  curves  represent  approximations  of  the  upper  (=  0.5  P)  and  lower 
(=  0.277  P)  limits  of  the  ceramic  polarization.  The  data  point  is  from  Reference  22. 

Figure  4.  The  piezoelectric  voltage  (gjj)  and  charge  (d^)  coefficients  plotted  versus  temperature 
for  PbTi03.  The  dashed  curves  are  the  theoretical  single  crystal  coefficients  calculated 
from  phenomenological  theory  in  Reference  8.  The  solid  curves  A  and  B  are  the  upper 
and  lower  bounds  of  the  ceramic  coefficients  calculated  using  Equation  (17)  for  g33  and 
similar  equations  for  the  remaining  coefficients.  The  data  points  are  experimental 
measurements  from  References  19  and  24. 
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Values  of  the  electrostricdve  constants  for  the  lead  zirconate-titanate  (PZT)  solid 
solution  system  were  required  to  complete  the  development  of  a  thermodynamic 
phenomenological  theory  of  PZT.  The  electrostrictive  Q12  constant  was  measured  as  a 
function  of  composition  on  polycrystalline  ceramic  PZT  samples.  This  data  was  used  with 
additional  single-crystal  and  ceramic  data  from  the  literature  to  approximate  the  compositional 
dependence  of  the  electrostrictive  constants  of  the  PZT  system.  Series  and  parallel  equations, 
analogous  to  the  Voigt  and  Reuss  models  for  the  elastic  constants,  were  used  to  relate  the 
ceramic  and  single-crystal  data,  and  to  predict  the  upper  and  lower  bounds  of  the  ceramic 
electrostrictive  constants  from  the  single-crystal  constants. 
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I.  INTRODUCTION 


Compositions  in  the  lead  zirconate-titanate  (PZT)  solid  solution  system  have  been 
widely  used  in  piezoelectric  transducer  applications  in  polycrystalline  ceramic  form. 1 
However,  considerable  difficulty  has  been  encountered  when  attempting  to  grow  single 
crystals  of  PZT ?■  Without  single-crystal  data  indirect  methods  have  been  required  to 
determine  the  coefficients  of  a  thermodynamic  energy  function  for  the  PZT  system. 3. 4 

In  one  particularly  important  indirect  method,  spontaneous  strain  and  electrostrictive 
data  were  used  to  calculate  the  spontaneous  polarization.^-^  Due  to  the  lack  of  experimental 
electrostrictive  data  on  PZT,  the  electrostrictive  constants  were  assumed  to  be  independent  of 
composition  and  temperature.  Zorn  et  al.^  used  an  x-ray  technique  to  measured  the 
composition  and  temperature  dependence  of  the  electrostrictive  constants  of  crystallites  in 
PZT  (modified  with  strontium,  barium,  and  niobium)  ceramic  samples  with  compositions 
near  the  tetragonal-rhombohedral  morphotropic  boundary.  They  found  that  the 
electrostrictive  constants  were  independent  of  temperature,  but  dependent  on  composition. 

The  purpose  of  this  study  was  to  further  investigate  the  composition  and  temperature 
dependence  of  the  electrostrictive  constants  in  the  PZT  system.  In  the  next  section 
calculations  of  the  temperature  dependence  of  the  electrostrictive  constants  for  three  PZT 
compositions  will  be  presented  In  Section  HI  the  results  of  experimental  measurements  of 
the  compositional  dependence  of  the  ceramic  electrostrictive  Q12  constant  will  be  described. 
In  Section  IV  series  and  parallel  averaging  relations,  analogous  to  the  Voigt  and  Reuss 
methods  of  averaging  the  elastic  constants^,  will  be  used  to  calculate  the  single-crystal 
electrostrictive  constants  of  two  PZT  compositions  from  a  combination  of  single-CTystal  and 
ceramic  data.  The  data  from  Sections  HI  and  IV  will  then  be  used  in  Section  V  with 
additional  data  from  the  literature  to  approximate  the  compositional  dependence  of  the 
electrostrictive  constants  of  PZT.  Finally  a  summary  of  this  study  will  be  presented  in 


Section  VI. 
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H.  TEMPERATURE  DEPENDENCE  OF  THE  ELECTROSTRICTIVE 

CONSTANTS  OF  PZT 

Jang^  and  Uchino  et  al.^  have  shown  that  the  single  crystal  electrostrictive  constants 
Ql  i  and  Q12  of  Pb(Mgi/3Nb2/3)03  are  independent  of  temperature,  within  the  limits  of 
their  experimental  error.  Zom  et  al.5  found  that  from  150  to  200°C  the  electrostrictive 
constants  Qn,  Q12  and  Q44  of  crystallites  in  Pbo.g3Sro.i2Bao,05[Zr0.6Ti0.38Nb0.02]03 
ceramic  were  independent  of  temperature,  again  within  the  limits  of  the  experimental  error. 

In  addition,  Meng  et  al.9  found  that  the  Q x  1  and  Qj2  constants  of  ceramic  PLZT  (lanthanum 
modified  PZT)  were  virtually  independent  of  temperature.  Thus  from  these  measurements 
the  electrostrictive  constants  of  perovskite  ferroelectrics  appear  to  be  fairly  independent  of 
temperature.  In  this  section  additional  calculations  from  published  data  will  be  presented  to 
further  demonstrate  that  the  electrostrictive  constants  of  PZT  compositions  are  only  slighdy 
temperature  dependent. 

The  temperature  dependence  of  the  spontaneous  polarization  and  strain  will  be  used 
to  calculate  the  electrostrictive  constants  for  PbTiC>3,  PZT  40/60  (40%  PbZiC>3  and  60% 
PbTiC>3),  and  PZT  90/10  using  the  following  tetragonal  and  rhombohedral  relations^: 

Tetragonal 

xi  =  x2  =  Qi2P32-  x3  =  QllP32,  x4  =  x5  =  x6  =  °  (D 

Rhombohedral 

xi  =x2  =  x3  =  (Qh+2Qi2)P32,  x4  =  x5  =  x6  =  Q44  P32  (2) 

The  x\  (i  =  1,  2, ... ,  6)  are  the  spontaneous  strains  in  reduced  notation.  Qn.  Qn.  and  Q44 
are  the  cubic  electrostrictive  constants.  P3  is  the  component  of  the  spontaneous  polarization 
in  the  X3  direction,  and  thus  is  equal  to  the  spontaneous  polarization  (P§)  in  the  tetragonal 
phase.  In  the  rhombohedral  phase  P3  =  3^P$. 

Equations  f  1 )  and  (2)  were  derived  from  the  Devonshire  form  of  the  elastic  Gibbs 
free  energy  function  under  zero  stress  conditions^,  and  can  be  used  to  calculate  the 
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electrostrictive  constants  from  experimental  spontaneous  polarization  and  strain  data. 
Equation  (2)  represents  the  spontaneous  strain  relations  for  the  high- temperature 
rhombohedral  phase  in  the  PZT  system.  The  low- temperature  rhombohedral  phase  will  not 
be  dealt  with  in  this  paper  (see  Reference  4  for  strain  relations  for  this  phase).  Equation  (1) 
will  be  used  for  the  PbTi03  and  PZT  40/60  compositions,  which  have  tetragonal  structures. 
Equation  (2)  will  be  used  for  the  rhombohedral  PZT  90/10  composition. 

The  only  direct  experimental  data  available  on  the  temperature  dependence  of  the 
spontaneous  polarization  of  single  crystal  PbTi03  was  calculated  by  Remeika  and  Glass  ^ 
from  pyroelectric  measurements.  They  found  the  room  temperature  value  to  be  0.56  C/m2 
using  liquid  electrodes  and  a  pulsed  field  technique.  This  value  is  smaller  than 
Gavrilyachenko  et  al.'s 1 1  value  of  0.75  C/m2.  For  use  in  calculating  the  electrostrictive 
constants,  Remeika  and  Glass’s  data  was  corrected  to  agree  with  Gavrilyachenko  et  al.'s 
value  using  the  following  relation: 

PS  =  (AP  + 0.17  C/m2)  (0.75/0.56)  (3) 

AP  was  the  change  in  polarization  that  Remeika  and  Glass  calculated  from  their  pyroelectric 
measurements,  and  0.17  is  their  Ps  value  at  T(\ 

Haun  et  al.*2  calculated  the  spontaneous  strains  \  \  and  X3  of  the  tetragonal  structure 
of  PbTiC>3  from  high-temperature  x-ray  diffraction  cell  constant  data  by  assuming  that  the 
electrostrictive  constants  were  independent  of  temperature.  The  following  procedure  was 
used  to  recalculate  the  spontaneous  strains  independent  of  the  electrostrictive  constants  for 
use  in  this  study.  Using  the  data  from  Reference  12  the  first  step  was  to  use  a  linear 
extrapolation  of  the  cubic  cell  constant  down  to  the  first  four  sets  of  tetragonal  cell  constant 
data  The  spontaneous  strains  \  \  and  X3  were  then  calculated  at  these  four  temperatures 
[using  Equation  (19)  in  Reference  12],  and  fitted  with  theoretical  strain  relations  [Equations 
(17)  and  (18)  in  Reference  12].  Using  the  constants  obtained  from  this  fitting  the 
spontaneous  strain  could  then  be  extrapolated  down  to  lower  temperatures  [using  Equations 


(17)  and  (18)  in  Reference  12]. 


This  spontaneous  strain  data  was  then  used  with  Remeika  and  Glass's  corrected 
polarization  data  (described  above)  to  calculate  the  temperature  dependence  of  the 
electrostrictive  Qi  \  and  Q12  constants  of  PbTi03,  as  shown  in  Figure  1(a).  Only  a  slight 
temperature  dependence  was  found  up  to  about  300°C.  The  larger  increase  of  the 
electrostrictive  constants  above  300°C  was  probably  due  to  the  larger  error  in  polarization  am 
strain  data  near  Tc  where  large  changes  occur  in  these  quantities.  The  values  of  the  percent 
change  in  Qn,  Q12.  -  Q11/Q12  ^  Qh  (=  Qll+  2  Q12)  for  PbTi03  fromO  to  100°C  are 
listed  in  Table  I.  All  three  constants  change  less  than  2  %/100°C,  and  the  ratio  -  Qi  1/Q12 
only  changes  0.37  %/100°C. 

Tsuzuki  et  al.f  3  measured  the  spontaneous  polarization  versus  temperature  on  a  PZT 
40/60  single  crystal  from  ferroelectric  hysteresis  loops.  This  data  was  used  with 
Amin  et  al.'s^  spontaneous  strain  data  to  calculate  the  temperature  dependence  of  the 
electrostrictive  constants  Qi  1  and  Qi2>  as  shown  in  Figure  1(b).  Since  this  strain  data  was 
calculated  using  the  cubed  root  of  the  tetragonal  volume  as  the  extrapolation  of  the  cubic  cell 
constant  [problems  develop  when  using  this  procedure;  see  Reference  12  for  details],  it  was 
first  corrected  using  the  value  of  the  Qj  1/Q12  ratio  that  was  determined  in  Section  V  of  this 
paper.  As  can  be  seen  in  Figure  4.1(b)  the  electrostrictive  constants  of  PZT  40/60  are  only 
slightly  temperature  dependent.  This  dependence  again  becomes  stronger  at  higher 
temperatures  approaching  Tq  probably  because  of  the  larger  error  in  this  region.  The 
%  change/100°C  is  listed  in  Table  I.  The  value  is  larger  than  that  of  PbTi03,  but  still  should 
be  considered  small. 

Qarke  and  Glazer^  measured  the  temperature  dependence  of  the  spontaneous 
polarization  of  PZT  90/10  single  crystals  from  hysteresis  loops.  They  also  measured  the 
rhombohedral  cell  constants  using  high  temperature  x-ray  diffraction.  The  spontaneous 
strain  X4  [=  (90  -  aRj/90]  was  calculated  from  their  rhombohedral  angle  (ocr)  data,  and  used 
with  the  polarization  data  to  calculate  the  electrostrictive  Q44  constant  in  the  high-temperature 
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rhombohcdral  state,  as  shown  in  Figure  1(c).  From  140  to  190°C  the  Q44  constant  was 
virtually  independent  of  temperature,  with  only  a  0.47  %change/100°C  from  a  linear  fit  (listed 
in  Table  I)-  Above  and  below  the  plotted  temperature  range  the  Q44  increased  significantly 
as  the  temperature  approached  the  transitions  to  the  cubic  phase  at  higher  temperatures,  and 
the  low-temperature  rhombohedral  phase  at  lower  temperatures.  This  is  again  believed  to  be 
probably  due  to  the  larger  experimental  error  in  the  measurements  at  temperatures  close  to  the 
transitions. 

The  data  in  Figure  1  and  Table  I  have  shown  that  the  electrostrictive  constants  of 
PbTiC>3  and  PZT  compositions  are  only  slightly  temperature  dependent  in  agreement  with  the 
data  in  the  literature  on  perovskite  ferroelec tries. 

m.  EXPERIMENTAL  MEASUREMENTS  OF  THE  CERAMIC  Q12  CONSTANT 

As  described  in  the  Introduction  the  values  of  the  single-crystal  electrostrictive 
constants  as  a  function  of  composition  are  required  for  the  development  of  a  thermodynamic 
theory  of  PZT.  Due  to  the  difficulty  of  growing  single-crystals  of  PZT  very  little 
single-crystal  electrostrictive  data  exists.  Some  electrostrictive  data  was  measured  on  ceramic 
PZT  samples1^,  but  this  data  is  conflicting  and  does  not  provide  a  complete  picture  of  the 
electrostrictive  properties  of  PZT.  To  provide  additional  data  to  determine  the  compositional 
dependence  of  the  electrostrictive  constants  in  the  PZT  system,  the  Q12  constant  was 
measured  on  a  series  of  ceramic  samples.  These  measurements  will  be  described  in  this 
section. 

Pure  homogeneous  PZT  ceramic  samples  were  fabricated  from  sol-gel  derived 
powders  as  described  in  Reference  16.  Thin  rectangular-shaped  samples  with  dimensions  of 
10  by  4  by  0.3  mm  were  cut  from  sintered  disks,  and  sputtered  with  gold  electrodes.  The 
electrostrictive  strain  and  polarization  were  measured  simultaneously  under  a  cycling  eleeme 
field  at  a  frequency  of  0. 1  Hz.  A  variable  frequency  modified  Sawver-Tower  circuit^  was 
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used  to  measure  polarization-electric  field  hysteresis  loops,  which  \yere  used  to  determine 
values  of  the  polarization  as  a  function  of  applied  electric  field.  A  polyimide  based  foil  strain 
gage*  was  carefully  bonded  to  the  samples  with  a  polyester  adhesive.** ***  The  gage  resistance 
was  measured  using  a  dc  bridge  type  dynamic  strain  amplifier.  The  transverse  strain 
level,  xi 2.  was  then  recorded  on  a  strip  chart  recorder  as  a  function  of  electric  field. 

The  electrostrictive  Q12  constant  was  calculated  from  the  slope  of  the  transverse 
strain  plotted  versus  the  square  of  the  polarization  using  the  method  described  in  Reference  9. 
The  resulting  Q12  values  for  five  PZT  compositions  are  listed  in  Table  II,  and  plotted  later  in 
this  paper  in  Figure  3(b).  The  Q12  constant  increased  slightly  from  PZT  90/10  to  60/40,  and 
then  a  large  increase  occurred  near  the  PZT  50/50  composition.  Zorn  et  al.5  found  similar 
results  for  Pbo.83Sro.i2Bao .OS^x^O.QS-xNbo .02^3  compositions  with  x  ranging  from 
0.45  to  0.65,  where  the  Q12  constant,  as  well  as  the  Qi  1  constant,  increased  with  increasing 
titanium  content 

IV.  CALCULATION  OF  THE  SINGLE-CRYSTAL  ELECTROSTRICTIVE 
CONSTANTS  FOR  PZT  50/50  AND  90/10 

The  ceramic  Q12  data  presented  in  Section  HI  was  used  with  additional  data  from  the 
literature  to  determine  the  single-crystal  electrostrictive  constants  using  series  and  parallel 
averaging  relations.  PZT  50/50  and  90/10  were  the  only  compositions  where  enough 
electrostrictive  data  was  available  to  use  this  procedure.  The  methods  used  to  calculate  the 
constants  for  these  compositions  will  be  described  in  this  section. 

*Kyowa  KFR-02-C1-1 1.  Kyowa  Electronic  Instruments  Co..  LTD.,  Tokyo,  Japan. 

**Kyowa  PC- 1 2. 

***Kyowa  DPM-612B. 
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Scries  and  parallel  electrostrictive  averaging  relations,  analpgous  to  the  Voigt  and 
Reuss  methods  of  averaging  the  elastic  constants,^  were  presented  in  Reference  18.  These 
equations  relate  the  polycrystalline  Qj  i,  Q12  .  and  Q44  constants  to  the  single-crystal 
constants.  However,  because  a  polycrystalline  material  is  isotropic,  the  Q44  equation  is 
related  to  the  Qn  and  Q12  relations,  and  thus  only  two  independent  equations  exist  for  the 
series  or  parallel  models.  For  this  reason,  if  values  of  the  polycrystalline  Qj  1  and  Q12 
constants  are  known,  then  a  single  crystal  constant  or  some  relation  involving  the  single 
crystal  constants  will  also  have  to  be  determined  to  be  able  to  use  these  averaging  equations 
to  solve  for  the  single  crystal  Qi  1,  Q12  >  and  Q44  constants. 

The  iullowing  procedure  was  used  to  calculate  the  single-crystal  constants  of  PZT 
50/50  using  the  ceramic  Q12  value  of  -  0.0228  m^/C^  from  Table  II,  and  additional 
information  from  the  literature.  Zhuang  et  al.^  measured  the  ceramic  piezoelectric  d 33  and 
d3i  charge  coefficients,  and  found  that  the  ratio  was  -  2.2  for  the  PZT  50/50 

composition.  The  ceramic  Qi  1/Q12  ratio  was  also  assumed  to  have  a  value  of  -  2.2,  by 
assuming  that  the  boundary  conditions  are  the  same  for  the  d33  and  d3i  coefficients  (see 
Reference  1 8  for  more  details  concerning  this  assumption).  If  the  ceramic  Qi  l/Ql2  ratio  is 
close  to  two,  then  the  single  crystal  Qj  i/Q  1 2  ratio  will  also  have  a  value  close  to  two  when 
using  either  the  series  or  parallel  models.^  Zorn  et  al.^  experimentally  found  that  the 
Qll/Ql2  ratio  was  approximately  -  2  for  PZT  compositions  (modified  with  strontium, 
barium,  and  niobium)  close  to  the  tctragonal-rhombohedral  morphotropic  boundary. 

Using  the  ceramic  Q12  value  of  -  0.0228  m^/C^  and  a  ceramic  Qi  l/Ql2  ratio  of 
-  2.2,  the  single  crystal  Qi  1/Q1 2  ratio  was  varied  to  obtain  reasonable  values  of  the  single 
crystal  constants  using  the  senes  and  parallel  models.  This  procedure  resulted  in  a  single 
crystal  Qi  1/Q12  ratio  of  -  2.1.  and  the  same  single  crystal  Qj  1  and  Q12  constants  when 
using  either  model,  but  different  Q44  values.  The  series  model  gave  a  Q44  of  0.0532 
nvtyc-,  while  the  parallel  model  resulted  in  a  value  of  0. 1 106  m*fyC“.  The  average  of  the 
two  models  was  taken  is  the  Q44  for  this  composition  and  is  listed  in  Table  HI  along  with  the 
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resulting  Q\  [  and  Q12  values. 

The  series  and  parallel  models  were  also  used  to  determine  the  single-crystal 
constants  for  the  PZT  90/10  composition  using  the  ceramic  Q12  value  of  -  0.006  nrtyC^  from 
Table  0,  and  additional  data  from  the  literature.  A  single  crystal  Q44  constant  of  0.049 
nrfyC^  was  calculated  in  the  high-temperature  rhombohedral  state  from  Clarke  and 
Glazer's^4  spontaneous  polarization  data,  and  Haun  et  al.'s^O  spontaneous  strain  X4  data. 
Ujma  et  al.21  calculated  the  hydrostatic  electrostrictive  Qh  (=  Ql  1  +  2  Q12)  constant  for 
ceramic  PbZr03  as  a  function  of  temperature  and  defect  concentration  from  measurements  of 
the  pressure  Curie  constant  (linear  slope  of  the  inverse  dielectric  constant  of  the  cubic  phase 
versus  pressure).  They  found  that  the  Qh  decreased  with  increasing  temperature  above  T(\ 
Assuming  that  this  temperature  dependence  was  due  to  their  measurements  close  to  Tc,  a 
value  of  Qh  of  0.02  m4/C^  was  chosen  from  their  highest  temperature  measurement  above 
T^  on  an  undefected  sample.  The  PZT  90/10  composition  was  also  assumed  to  have  this 
value  of  Qh- 

Using  the  above  values  of  the  single-crystal  Q44  and  ceramic  Q12  and  Qh  constants, 
the  single  crystal  electrostrictive  constants  of  the  PZT  90/10  composition  were  calculated 
from  the  series  and  parallel  models.  The  ceramic  Q12  constant  and  ceramic  Qi  1/Q12 
(calculated  from  Q12  and  Qh)  ratio  were  fixed,  while  the  single-crystal  Qi  1/Q12  ratio  was 
varied  until  the  average  of  the  series  and  parallel  Q44S  was  equal  to  the  experimental  value. 
Because  the  single  crystal  and  polycrystalline  Ql  1/Q12  ratios  were  used  in  the  series  and 
parallel  models,  the  same  values  result  for  the  Q 1 1  and  Q12,  but  different  Q44’s  result.  The 
series  model  gave  a  Q44  value  of  0.0385  m4/C^,  while  the  parallel  model  gave  a  value  of 
0.0592  m4/c2.  The  average  of  these  two  values  was  used  as  the  Q44  for  the  PZT  90/10 
composition,  and  is  listed  in  Table  IE  along  with  the  resulting  Qi  1  and  Q12  values. 


V.  COMPOSITIONAL  DEPENDENCE  OF  THE  ELECTROSTRICTIVE 

CONSTANTS  OF  PZT 


In  this  section  the  single  crystal  electrostrictive  constants  determined  in  the  last 
section  for  the  PZT  50/50  and  90/10  compositions  will  be  used  with  previously  determined 
PbTi03  constants  12,22  to  approximate  the  compositional  dependence  across  the  PZT  solid 
solution  system.  The  values  of  the  constants  for  these  three  compositions  were  listed  in 
Table  HI.  This  data  indicates  that  all  three  constants  Qj  j,  Q12,  and  Q44  have  larger  values  at 
the  PZT  50/50  composition,  than  at  the  PbTi03  or  PZT  90/10  compositions. 

The  following  Cauchy  type  equation  was  used  to  fit  the  Qi Q12.  and  Q44  data: 


a 

1  +  b  (x  -  c)2 


+  d  x  +  e  , 


(4) 


where  a,  b,  c,  d,  and  e  are  constants,  and  x  is  the  mole  fraction  PbTiC>3  in  PZT.  The 
constant  c  was  set  equal  to  0.5  to  cause  the  peaks  to  form  at  the  PZT  50/50  composition. 
Values  of  the  a,  d,  and  e  constants  were  found  by  fitting  the  data  listed  in  Table  IH.  The  b 
constant  was  used  to  control  the  shape  (width)  of  the  peaks.  A  value  of  200  was  found  to 
give  fairly  good  upper  and  lower  bounds  (series  and  parallel  models)  around  the  ceramic  Q12 
data  listed  in  Table  II  [see  Figure  3(b)]. 

The  resulting  values  of  the  five  constants  for  Qn,  Q12,  and  Q44  are  listed  in  Table 
IV.  These  values  were  used  to  calculate  the  compositional  dependence  of  the  electrostrictive 
constants  using  Equation  (4),  as  shown  in  Figure  2(a).  At  this  time  the  cause  of  the  increase 
of  the  electrostrictive  constants  in  the  center  of  the  phase  diagram  is  not  understood. 

However,  this  behavior  does  give  fairly  good  agreement  with  other  experimental  data  The 
anomalous  behavior  may  be  related  to  the  tetragonal-rhombohedral  morphotropic  boundary, 
or  possibly  due  to  some  type  of  ordering  that  occurs  in  the  PZT  structure  at  the  PZT  50/50 
composition.  In  addition  to  the  peaks  in  the  electrostrictive  constants,  and  the  well 
established  peaks  in  the  dielectric  and  piezoelectric  properties  near  the  morphotropic 
boundary,  the  Curie  constant  has  also  been  found  to  form  a  peak  in  this  region. 23  Studying 


these  properties  in  other  solid  solution  systems,  such  as  the  Pb(Mgj/3Nb2/3)03  -  PbTiC>3 
system  where  the  morphotropic  boundary  occurs  well  away  from  the  50/50  composition, 
may  lead  to  an  understanding  of  this  behavior. 

The  Qh  constant  and  -  Q12/Q1 1  ratio  were  also  calculated  and  plotted  versus 
composition  in  Figures  2(b)  and  (c).  The  -  Q12/Q1 1  ratio  also  forms  a  peak  at  the  PZT  50/50 
composition  with  the  peak  value  approaching  0.5,  the  theoretical  maximum  value  of  this 
ratio.  The  -  Q12/Q1 1  ratio  is  analogous  to  Poisson's  ratio,  which  is  equal  to  -  s  j 2/s  1 1 , 
where  the  sjj  are  the  elastic  compliance  coefficients.  When  the  value  of  Poisson’s  ratio 
approaches  0.5,  the  material  becomes  mechanically  incompressible.  In  a  similar  way  when 
the  -  Q12/Q1 1  ratio  approaches  0.5,  the  hydrostatic  electrostrictive  constant  becomes  very 
small  [see  Figure  2(b)],  and  it  is  difficult  to  produce  a  volumetric  electrostrictive  strain  in  the 
material. 

Haun  et  al.18  showed  that  as  the  single-crystal  -  Q12/Q11  ratio  increases,  the 
ceramic  -  Q12/Q1 1  ratio  will  also  increase,  when  using  either  the  series  or  parallel  models. 
This  effect  is  shown  in  Figure  2(c),  where  the  ceramic  -  Q12/Q1 1  ratio  is  plotted  versus 
composition  for  the  series  and  parallel  models.  The  single-crystal  -  Q12/Q44  ratio  also 
controls  the  ceramic  -  Q12/Q1 1  ratio,  but  has  little  effect  when  the  single-crystal  -  Q12/Q1 1 
ratio  approaches  0.5.^ 

The  piezoelectric  anisotropy  (-  d33/d3i)  in  PZT  ceramics  is  of  considerable 
importance  in  hydrophone  and  medical  ultrasonic  imaging  applications,  where  a  large 
piezoelectric  anisotropy  is  desired  for  increased  hydrostatic  sensitivity.*^  The  piezoelectric 
anisotropy  in  PZT  ceramics  is  much  larger  for  compositions  near  the  end  members  PbTiO^ 
and  PbZr03,  than  for  compositions  in  the  center  of  the  phase  diagram  near  the  morphotropic 
phase  boundary. 

The  values  of  the  single-crystal  electrostrictive  ratios  -  Q12/Q1 1  and  -  Q12/Q44 
have  been  shown  to  be  related  to  the  large  piezoelectric  anisotropy  that  occurs  in  ceramic 
PbTiC>3. 1  ^  This  same  type  of  analysis  can  now  be  extended  across  the  PZT  system  using 
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the  electrostrictive  data  plotted  in  Figure  2.  The  change  in  the  single-crystal  electrostrictive 
ratios  across  the  PZT  system  will  account  for  the  change  in  piezoelectric  anisotropy  that 
occurs.  The  dielectric  anisotropy  and  degree  of  polarization  have  also  been  shown  to  be 
related  to  the  ceramic  piezoelectric  anisotropy.  *8,  25 

The  single  crystal  electrostrictive  constants  were  also  used  to  calculate  the 
compositional  dependence  of  the  upper  and  lower  limits  of  the  ceramic  constants  using  the 
series  and  parallel  models,  as  shown  in  Figure  3.  The  ceramic  Q12  data  points  shown  in 
Figure  3(b)  are  from  Table  II,  and  were  used  to  determine  the  value  of  the  b  constant  (listed 
in  Table  IV)  that  caused  the  series  and  parallel  models  to  give  upper  and  lower  bounds 
around  the  data,  as  described  earlier  in  this  section.  Larger  peaks  occurred  in  the  limits  of  the 
ceramic  Q12  constant  compared  to  that  of  the  Qj  1  and  Q44  constants.  The  upper  and  lower 
limits  of  the  Qi  1  constant  for  PbZrC>3  are  in  good  agreement  with  experiment  ceramic 
measurements  by  Roleder.26 

VI.  SUMMARY 


£ 
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The  electrostrictive  constants  of  PZT  were  shown  to  be  only  slightly  temperature 
dependent.  The  electrostrictive  Q12  constant  was  measured  as  a  function  of  composition  on 
pure  homogeneous  PZT  ceramic  samples  fabricated  from  sol-gel  powders.  This  data  was 
used  with  additional  single-crystal  and  ceramic  data  from  the  literature  to  approximate  values 
of  the  single-crystal  electrostrictive  constants  using  series  and  parallel  equations,  analogous 
to  the  Voigt  and  Reuss  models  for  the  elastic  constants. 

Equations  were  then  used  to  fit  the  compositional  dependence  of  the  single-crystal 
and  ceramic  Q12  data.  These  equations  were  used  to  approximate  the  single-crystal 
electrostrictive  constants  as  a  function  of  composition.  A  peak  was  found  to  occur  in  the 
electrostrictive  constants  in  the  center  of  the  phase  diagram.  Additional  research  is  needed  the 
understand  the  cause  of  this  anomalous  behavior. 


The  change  in  the  ratios  of  the  single-CTystal  electrostrictive  constants  as  a  function 
of  composition  can  be  used  to  explain  the  large  electromechanical  anisotropy  that  occurs  in 
cei amic  samples  with  compositions  near  the  end  members  PbTi03  and  PbZr03,  but  does  not 
occur  in  ceramic  samples  with  compositions  in  the  center  of  the  phase  diagram  near  the 
morphotropic  phase  boundary. 

A  thermodynamic  theory  for  the  entire  PZT  system  has  recently  been  completed 
using  the  values  of  the  electrostrictive  constants  that  have  been  presented  in  this  paper.  The 
results  of  this  theory  will  be  published  in  the  future. 


Table  I  Temperature  Dependence  of  the  Electrostrictive  Constants  of  PZT 
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Composition 

Constant 

Temp.  Ranee  f°Q 

%  Change/100°C 

PbTiC>3 

Qll 

0-100 

1.4 

PbTiC>3 

-  Ql2 

0-100 

1.8 

PbTiC>3 

Oh 

0-100 

1.0 

PbTiC>3 

-  Qll/Ql2 

0-100 

0.37 

PZT  40/60 

Q11.  -  Q12 

25  -  150 

5.2 

PZT  90/10 

Q44 

140-  190 

0.47 

Table.  II  Experimental  Values  of  the  Ceramic  PZT 
Electrostrictive  Q12  Constant 


Zr/Ti 

Ql2  (m4/C2) 

90/10 

-0.0060 

70/30 

-  0.0075 

60/40 

-0.0090 

52/48 

-0.0158 

50/50 

-  0.0228 

Table  III  Single  Crystal  Electrostrictive  Constants 


Composition 

Qu(m4/C2) 

Q12(m4/C2) 

Q44  (m4/C2) 

PbTiC>3 

0.089a 

-  0.026a 

0.0675b 

PZT  50/50 

0.0966 

-0.0460 

0.0819 

PZT  90/10 

0.0508 

-  0.0154 

0.0490 

a  From  Haun  et  al.  ^ 
b  From  Turik  et  al.22 


l.  Values  of  the  Constants  used  in  Equation  (4)  to  calculate  the  Compositior 
Dependence  of  the  Electrostrictive  Constants  of  PZT 


a 

h 

£ 

d 

£ 

0.029578 

200 

0.5 

0.042796 

0.045624 

-  0.026568 

200 

0.5 

-  0.012093 

-0.013386 

0.025325 


200 


0.5 


0.020857 


0.046147 
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FIGURE  CAPTIONS 
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Figure  1.  The  single  crystal  electrostrictive  constants  plotted  versus  temperature  for 


(a)  PbTi03,  (b)  PZT  40/60,  and  (c)  PZT  90/10. 


Figure  2.  The  electrostrictive  constants  and  ratios  plotted  versus  composition.  The  single 
crystal  constants  Qi  l,  -  Q12.  Q44,  and  Qh  are  plotted  in  (a)  and  (b).  The  single 
crystal  and  ceramic  Qi  1/Q12  ratios  (upper  and  lower  limits  labeled  1  and  2) 


were  plotted  in  (c-).  A  bar  over  a  symbol  refers  to  polycrystalline  ceramic 


constants.  The  data  points  in  (a)  are  from  Table  OT 


Figure  3.  The  upper  and  lower  limits  of  the  polycrystalline  ceramic  electrostrictive 


constants  plotted  versus  composition.  Series  and  parallel  models  were  used  to 


calculate  the  curves  labeled  1  and  2,  respectively.  The  data  points  shown  in  (b) 
are  from  the  ceramic  measurements  listed  in  Table  n.  A  bar  over  a  symbol  refers 


to  polycrystalline  ceramic  constants. 
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4BSTRACI 

The  dielectric  and  electromechanical  coupling  properties  of  Sm-  and  Mn -doped  PbTi03 
ceramics  were  investigated  from  4.2  to  300°K.  The  upper  and  lower  limits  of  the  ceramic  dielectric 
and  piezoelectric  properties  were  calculated  by  averaging  the  single-domain  constants  which  were 
determined  from  a  phenomenological  theory.  Comparisons  of  the  measured  and  calculated 
properties  were  then  made. 

The  measured  dielectric  permittivity  6^33  and  piezoelectric  strain  coefficient  d33  appear  to  be 
mainly  due  to  the  averaging  of  the  intrinsic  single-domain  response.  The  large  piezoelectric  and 
electromechanical  anisotropies  present  in  modified  PbTi03  ceramics  also  appears  to  be  an  intrinsic 
property  of  the  material.  The  piezoelectric  coefficient  d3  ^ ,  as  well  as  the  planar  coupling  coefficient 
kp,  were  found  to  have  very  small  values  over  two  temperature  regions,  from  120  to  170°K  and 
from  240  to  270°K. 

GgRQPUCTIQN 

Modified  PbTi03  ceramics  which  show  large  anisotropic  piezoelectric  coupling  at  room 
temperature  were  recently  reported^  *"*).  The  temperature  behavior  of  the  piezoelectric  properties 
of  Sm-  and  Mn-doped  PbTi03  were  also  investigated^).  It  is  interesting  as  well  as  important  to 
understand  why  these  modified  PbTi03  ceramics  have  such  a  large  anisotropic  electromechanical 
coupling  property. 

In  this  study,  the  dielectric  properties,  £^33  and  tan  5,  and  electromechanical  coupling 
properties,  d3j,  d33^  kp,  and  kt,  of  10  mole%  Sm-  and  2  mole%  Mn-doped  PbTi03  ceramics  were 


investigated  from  4.2  to  300°K.  At  low  temperatures,  the  thermally  activated  contributions  to  the 
dielectric  and  coupling  properties  "freeze  out."  The  observed  temperature  behavior  of  the  material 
properties,  6^33,  djj  and  d31,  were  compared  with  the  predicted  values  of  the  intrinsic 
contributions  to  the  upper  and  lower  limits  of  the  ceramic  properties^)  which  were  calculated  from 
the  single  crystal  constants  determined  from  a  phenomenological  theory  of  PbTiO-j^.  The 
unusually  small  values  of  piezoelectric  coefficient  d^  j  were  also  explained  according  to  the  recent 
results  of  Damjanovic  et  al^*  ^). 

EXPERIMENTAL  PROCEDURE 

The  composition  investigated  in  this  study  was  (Plty.85SmQ  iq)(Tiq  9gMnQ  02^3-  P-eagent 
grade  oxides,  PbO,  S1112O3,  TiCK  and  MnO  were  mixed  and  milled  for  6  hours  using  zirconia 
balls,  then  dried  and  calcined  in  a  closed  alumina  crucible  at  900°C  for  1  hour.  The  calcined 
powder  was  pressed  in  a  die  at  5000  psi  to  form  green  disks.  These  disks  were  fired  at  1200°C  for 
1  hour  in  a  closed  crucible  with  a  lead  source.  The  final  density  of  the  ceramic  samples  was  better 
than  95%  of  the  theoretical  value.  Disks  were  cut  to  several  different  shapes  and  dimensions  to 
measure  the  dielectric  and  electromechanical  coupling  coefficients.  Reshaped  samples  were 
electroded  with  sputtered  gold  and  poled  in  silicone  oil  with  a  field  of  60  kV/cm  applied  for  5 
minutes  at  150°C.  All  of  the  samples  satisfied  the  dimensional  requirements  of  the  IRE  standards 
on  piezoelectric  crystals^).  The  samples  were  carefully  connected  with  very  fine  silver  wire  and 
suspended  in  a  vacuum  in  an  in-house  made  holder  on  an  Air  Products  and  Chemicals  Model 
LT-3-110  cryogenics  system.  The  dielectric  properties  were  measured  on  a  Hewlett  Packard 
automatic  capacitance  bridge  model  4270A.  The  electromechanical  coupling  properties  were 
investigated  by  the  resonance  method  using  a  Hewlett  Packard  spectrum  analyzer  model  3585A. 


Two  samples  with  the  same  composition  and  fabricated  by  the  same  procedure  were  studied. 
The  relative  dielectric  permittivity  6^33  and  dissipation  factor  tan  8  were  measured  at  1  KHz  from 
4.2  to  300°K.  These  measurements  are  plotted  in  Figures  1(a)  and  1(b). 


The  intrinsic  dielectric  permittivity  of  ceramic  PbTi03  was  calculated  using  series  and  parallel 
models  in  Reference  7.  These  calculations  were  adjusted  by  shifting  the  Curie  temperature  Tc  to 
300°C  to  match  that  of  the  samples  fabricated  in  this  study.  In  Figure  1(a),  the  experimental  and 


intrinsic  theoretical  permittivities  are  compared.  At  low  temperatures  where  the  extrinsic 
contributions  have  "frozen  out,'"  the  agreement  is  fairly  good.  As  the  temperature  is  increased,  only 
a  small  difference  develops  between  the  experimental  and  theoretical  permittivities,  indicating  that 
the  polarizability  is  still  largely  due  to  the  intrinsic  averaging  of  the  single-domain  response. 

The  dielectric  loss  measurements  are  shown  in  Figure  1(b).  Below  about  50°K  the  loss 
decreases  very  rapidly,  which  suggests  that  the  thermally  activated  contributions  to  the  dielectric 
properties  freeze  out  quickly  at  iow  temperatures. 

The  measured  piezoelectric  coefficients,  d33  and  d3j,  are  shown  in  Figures  2(a)  and  2(b) 
along  with  the  calcualted  upper  and  lower  limits  of  the  intrinsic  ceramic  piezoelectric  coefficients. 
These  calculations  were  made,  by  shifting  the  Curie  temperature  to  300°C,  as  was  done  with  the 
dielectric  data,  using  the  results  of  Reference  7.  The  experimental  d33  data  falls  between  the 
predicted  upper  and  lower  limits  with  a  similar  temperature  dependence.  This  indicates  that  the 
measured  d33  is  mostly  due  to  the  intrinsic  single  doman  response. 

The  d3  ^  measurements  also  fall  between  the  predicted  upper  lower  limits,  except  over  two 
temperature  regions,  from  120  to  170°K  and  from  240  to  270°K.  Over  these  temperature  regions, 
the  resonance  spectrum  displaced  upon  the  HP  3585A  analyzer  was  too  weak  to  measure,  as 
shown  in  Figure  3,  with  the  resonance  at  300°K  for  comparison.  This  suggests  that  the  IRE 
standard  method  may  not  be  adequate  near  these  two  tempeature  regions. 

The  exceedingly  small  frequency  differences  between  parallel  (fp)  and  series  (fs)  resonances 
may  not  be  close  enough  to  the  differences  between  the  maximum  (fn)  and  minimum  (fm) 
impedance  frequencies.  The  vector  impedance  method  is  more  accurate  in  obtaining  greater 
precision  in  the  case  of  immeasurably  small  resonance  regions  like  these. 

Damjanovic,  et  al.(9>10)  used  this  method  to  measure  the  complex  values  of  the  material 
constants  (d^*,  Sjj*,  and  £}j*).  They  found  that  the  real  part  of  the  d3j  coefficient  changes  sign 
and  becomes  positive  at  high  temperatures.  This  result  is  illustrated  in  the  insert  in  Figure  2(b)  by 
the  dashed  curve  (note  that  the  negative  d3  j  is  plotted).  The  sign  of  d3j  could  not  be  measured 
using  the  resonance  method  in  this  study,  and  therefore  was  not  assumed  to  'change  sign  at  T2. 
However,  a  change  in  sign  would  account  for  the  immeasurably  small  resonance  region  at  T^. 
Damjanovic,  et  al.^®)  also  found  that  below  T2  the  d3^  coefficient  formed  a  peak  (when  plotting 


the  negtaive  d3i  as  in  Figure  2(b),  this  would  be  a  minimum  with  a  value  approaching  zero)  at 
about  125°K.  This  behavior  probably  accounts  for  the  small  resonance  region  at  Tj. 

The  change  in  sign  of  the  d3^  coefficient  at  T2  to  positive  values  at  high  temperature  was 
explained  by  Damjanovic,  et  al/^  as  being  due  to  the  positive  extrinsic  contributions  which 
dominate  the  negative  intrinsic  contribution.  This  appears  to  be  possible,  since  the  intrinsic  dj  j  is 
very  small.  In  Reference  7,  the  small  values  of  the  d3j  coefficient  and  thus  large  piezoelectric 
anisotropy  ^33/^31)  of  PbTi03  ceramics  were  shown  to  be  due  to  the  intrinsic  averaging  of  the 
single  crystal  electrostrictive  constants.  The  possibility  of  a  change  in  sign  of  the  intrinsic  d3  j  due 
to  a  slight  variation  in  the  single  crystal  electrostrictive  anisotropies  (Qj  1/Q12  ^  Q44/Q12)  was 
also  demonstrated. 

The  planar  coupling  coefficient,  kp,  is  plotted  as  a  function  of  temperature  in  Figure  4(a).  In 
two  temperature  regions,  as  discussed  for  d3j,  kp  becomes  extremely  small  The  thickness 
coupling  coefficient,  kt,  is  weakly  dependent  on  temperature  and  has  a  value  of  about  46%.  Figure 
4(b)  shows  the  ratio  k,/kp  plotted  versus  temperature.  This  ratio  becomes  very  large  in  two 
temperature  regions,  120  to  170°K  and  240  to  270°K.  These  large  electromechanical  anisotropies 
indicate  that  this  material  would  be  useful  in  ultrasonic  transducer  applications. 

CONCLUSIONS 

The  relative  dielectric  permittivity,  £^33,  of  the  modified  PbTi03  ceramics  fabricated  in  this 
study  appears  to  be  largely  due  to  the  averaging  of  the  intrinsic  single-domain  response.  "Tie 
calculated  values  of  the  upper  and  lower  limits  of  the  ceramic  permittivity  agree  farily  well  at  low 
temperatures  with  the  measured  values,  and  only  a  small  difference  develops  as  the  temperature 
increases.  The  piezoelectric  d33  and  thickness  coupling  kt  coefficients  are  weakly  dependent  on 
temperature  and  have  values  of  about  30x10'^  c/N  and  46%,  respectively.  The  planar  coupling 
kp  and  piezoelectric  d3  ^  coefficients  exhibit  very  interesting  temperature  behaviors.  In  two 
temperature  regions,  from  120  to  170°K  and  from  240  to  270°K  (or  Tj  and  T2  in  Figure  2(b)), 
'd3 1 1  and  kp  become  too  small  to  measure  using  the  resonance  method. 

Damjanovic,  et  al.^.10)  used  a  vector  impedance  method  and  found  that  the  d3j  coefficient 
changes  sign  at  T2  to  positive  values  at  high  temperatures.  The  low  values  of  the  at  Tj  were 
found  to  be  due  to  a  minimum  in  the  W3 1 1  which  occurs  in  this  temperature  region. 


The  values  of  the  measured  d33  and  d3  j  coefficients  were  within  the  predicted  upper  and  lower 
bounds  which  were  calculated  by  averaging  the  intrinsic  single -domain Tiroperties.  The  generally 
large  piezoelectric  and  electromechanical  anisotropies  present  in  modified  PbTiC^  ceramics  appear 
to  be  an  intrinsic  property  of  the  material. 
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fICLUR£-CAPTIQNS 

Figure  1.  The  a)  relative  dielectric  permittivities  £^33  and  b)  dissipation  factor  tan  5  at  1  kHz 
plotted  versus  temperature.  The  data  points  are  experimental  measurements.  The  solid 
curves  in  a)  are  calculation  of  the  upper  and  lower  limits  of  the  intrinsic  ceramic 
permittivity. 

Figure  2.  The  piezoelectric  strain  coefficients  a)  and  b)  d3j  plotted  versus  temperature.  The 
data  points  axe  experimental  measurements  and  the  solid  curves  are  calculations  of  the 
upper  and  lower  limits  of  the  intrinsic  piezoelectric  response.  The  insert  in  b)  illustrates 
the  measured  temperature  dependence  (solid  curve)  compared  with  the  results  of 
Damjanovic,  ct  al/9.10)  (dashed  curve). 

Figure  3.  The  admittance  plotted  versus  frequency  at  300°K  (curve  1)  and  at  a  temperature  within 
the  temperature  regions  where  the  resonance  was  too  weak  to  measure  (curve  2). 

Figure  4.  The  a)  planar  coupling  coefficient  kp  and  b)  ratio  k,/kp  plotted  versus  temperature. 
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MICROWAVE  DIELECTRIC  PROPERTIES  OF  ANTIFERROELECTRIC  LEAD  ZIRCONATE 

M.T.  Lanagan,  J.H.  Kim,  S.J.  Jang,  and  R.E.  Newnham 
Pennsylvania  State  University,  University  Park,  PA  16802 

ABSTRACT 

The  dielectric  properties  of  ceramic  lead  zirconate  and  rutile  are  presented  at  microwave 
frequencies.  Several  techniques  are  required  to  span  the  frequency  range  from  100  Hz  to  26  GHz. 
and  rutile  is  utilized  as  a  reference  material  to  determine  the  consistency  between  measurement 
methods.  A  significant  relaxation  was  seen  for  lead  zirconate.  At  10  GHz,  the  dielectric  constant 
decreased  20  percent  from  the  1  MHz  value  of  160,  and  the  dielectric  loss  increased  by  more  than 
three  times  the  low  frequency  value  of  0.007. 

INTRODUCTION 

The  requirement  of  rapid  data  transmission  has  lead  to  an  increased  interest  in  the  gigahertz 

region  (10^  Hz),  and  has  prompted  research  of  dielectric  materials  at  microwave  frequencies. 

Material  properties  in  the  microwave  range  have  become  important  to  several  industries  during  the 

1  1 

past  decade.  Packaging  technology1  and  communication  systems"  rely  on  dielectric  materials  with 
low  loss  and  high  temperature  stability. 

Lead  zirconate  was  selected  as  a  candidate  material  for  high  frequency  use  because  of  its  high 
dielectric  constant  and  low  loss  at  1  MHz.  The  purpose  of  this  study  is  to  develop  techniques  for 
the  microwave  dielectric  measurement  of  lead  zirconate,  and  to  determine  its  utility  as  a  high 
frequency  dielectric  material.  Ferroelectric  materials  such  as  BaTiC^  have  high  dielectric  constants, 
but  go  through  a  dielectric  relaxation  in  the  microwave  region^.  The  large  dielectric  loss  at 
microwave  frequency  renders  barium  titanate  undesirable  for  many  applications.  It  was 
hypothesized  that  antiferroelectric  lead  zirconate  would  not  experience  a  dielectric  relaxation,  and 
the  dielectric  loss  would  be  small  at  microwave  frequencies. 

A  survey  was  made  to  determine  the  most  suitable  microwave  techniques  for  the  dielectric 
property  characterization  of  PbZrO^  (herein  designated  PZ).  Reviews  of  dielectric  measurement  at 
high  frequency  have  been  made  by  several  authors  The  selection  of  a  proper  technique 


depends  upon  the  dielectric  properties,  frequency  range,  sample  geometry,  and  available 
equipment  Theory  as  well  as  practical  limitations  are  discussed  to  provide  a  basis  for  method 
selection. 

High  frequency  dielectric  measurement  techniques  can  be  divided  into  two  basic  categories. 
Transmission  techniques  measure  dielectric  properties  through  a  broad  frequency  range,  and  are 
useful  for  observing  dielectric  relaxation  in  materials.  Advanced  technology  and  design  have 
increased  the  accuracy  and  speed  of  transmission  techniques  to  a  useful  level  Resonant 
techniques  determine  dielectric  properties  at  fixed  frequencies,  which  are  limited  by  the  type  and 
geometry  of  the  resonant  cavity.  The  accuracy  of  these  techniques  is  usually  higher  than 
transmission  methods,  particularly  for  materials  with  low  loss. 

The  dielectric  properties  of  PZ  have  been  studied  by  other  authors  10*12  One  feature  of  the 
reviewed  literature  is  the  large  variation  of  dielectric  constants  reported  at  room  temperature 
(dielectric  constants  range  from  62  to  1 10  at  1  MHz).  This  discrepancy  gives  strong  evidence  that 
consistent  processing  of  PZ  is  difficult.  In  this  study,  the  range  of  dielectric  constant  values 
between  samples  is  14  percent. 

SAMPLE  PREPARATION 

Lead  zirconate  specimens  were  produced  by  the  mixed  oxide  method,  and  the  starting 
powders  were  electronic  grade  PbO*  and  Zr02**.  An  excess  of  2.9  percent  zirconia  was  added  to 
account  for  ignition  losses  and  the  added  weight  of  the  hafnium  impurity  concentration  (2  percent). 
Vibratory  milling  was  carried  out  in  alcohol  for  8  hours  with  zirconia  grinding  media.  The  alcohol 
was  removed,  and  the  powder  calcined  at  900  °C  for  8  hours. 

Disks  3.5  cm  diameter  and  0.3  -  0.7  cm  thick  were  pressed,  and  sintered  at  1300  °C  for  2 
hours.  The  high  firing  temperature  made  lead  atmosphere  control  crucial  for  maintenance  of  a 
stoichiometric  compound.  The  samples  were  placed  between  two  platinum  foils  in  an  alumina 


*  Hammond  Lead  Co. 

**  Magnesium  Elektron  E10  grade 


WV1  VP  V*  T  ^  W*  WP  Ut'P^M  WTWW"V*  \l  «  V  '4  ■  U  *  ^  ■  V1  »V 11  V  *  l  V  f ' 1 


m 

te 
£>•_.■■ 
££***"  * 
t-\-v 


W\V 

p’.V. 

>\- 


to 


if*.--. 

js£ 

£$ 

w* 


cnjcible,  and  the  foil-sample  system  was  buried  in  PZ  powder.  The  pellets  had  a  weight  loss 
during  sintering,  and  PZ  powders  were  batched  with  1 .5  weight  percent  excess  PbO  to  account  for 
the  lead  loss.  The  surface  of  the  samples  had  a  lighter  color  than  the  bulk,  which  signaled  that 
more  lead  was  lost  at  the  surface.  The  specimens  were  machined  until  color  gradients  in  the 
specimens  were  no  longer  observed.  All  samples  were  sintered  to  above  95  percent  theoretical 
density. 

All  peaks  in  the  X-ray  diffraction  pattern  correspond  to  the  PZ  structure  as  shown  in  Fig.  1 . 
The  average  grain  size  was  determined  from  scanning  electron  microscope  images  to  be  5  microns. 
The  calcined  powder  was  examined  for  impurides  by  semi -quantitative  spectrographic  analysis  and 
no  trace  elements  (Si,  Ti,  Al,  Mg,  Fe)  were  observed  above  0.02  percent 

MEASUREMENT  METHODS 

Dielectric  constant  and  loss  measurements  between  100  Hz  and  1  MHz  were  carried  out  by 
conventional  LCR  bridge  measurements.  The  sintered  samples  were  polished,  and  sputtered  gold 
electrodes  were  placed  on  the  disk  faces.  Capacitance  and  loss  measurements  were  obtained  from 
Hewlett-Packard  (abbreviated  HP)  4274A  and  4275A  LCR  bridges.  Dielectric  constant  was 
calculated  from  the  sample  dimensions  and  capacitance  data.  The  dielectric  constant  and  loss  at  1 
MHz  were  determined  for  rutile  (e'r  =  95,  tan  5  =  0.005)  and  PZ  (e'r  =  160,  tan  5  =  0.007). 

The  lumped  impedance  method  was  introduced  by  von  Hipped  and  was  further  developed 
by  other  authors  ^-15  -|-^e  capacitance  method  is  used  primarily  between  10  MHz  and  2 

GHz.  which  makes  the  conventional  circuitry  of  an  LCR  bridge  undesirable.  Impedance  cannot  be 
determined  from  measured  voltage  and  current  parameters,  and  must  be  obtained  from  a  complex 
reflection  coefficient 

The  sample  holder  is  designed  to  be  compatible  with  commercially  available  coaxial  air  lines, 
which  have  center  and  shield  conductor  diameters  of  3.04  and  7.00  mm  respectively.  The  sample 
holder  and  50  ohm  coaxial  line  are  attached  by  an  APC-7  connector,  as  shown  in  Fig.  2.  Lumped 
impedance  measurements  are  earned  out  by  placing  a  sample  on  the  end  of  a  coaxial  line,  and 
shorting  the  opposite  side  by  a  moveable  plunger.  The  piston  is  made  of  brass,  and  is  positioned  by 
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a  screw  for  retaining  sample  placement  The  sample  diameter  is  equivalent  to  the  center  conductor 
diameter  for  all  of  the  lumped  impedance  measurements.  Typical  sample  geometries  are  disks  3 
mm  in  diameter  and  1  mm  thick,  which  are  sputtered  with  gold  on  the  two  disk  faces  to  ensure 
proper  electrical  contact 

The  coaxial  air  line  assembly  is  adjoined  to  a  vector  measurement  system.  An  HP  4 191 A 
impedance  analyzer  is  used  to  measure  the  complex  reflection  coefficient  from  45  MHz  to  1  GHz. 
The  complex  reflection  coefficient  T*  can  be  expressed  in  terms  of  a  magnitude  r  and  angle  9. 
Before  measurement  a  calibration  is  performed  by  placing  known  standards  (short,  open,  and  a 
matched  load)  on  the  end  of  the  coaxial  air  line.  The  dielectric  properties  are  calculated  from  the 
following  equations: 

,  2rsin  9  C. 

£  —  —  —  " 

r  coCazo(r2  +  2rcos  e  +  i )  cQ 

i  -r2 

£  — - — - 

mCoz0(r2  +  2rcos  6  + 1 ) 

The  complex  reflection  coefficient  (magnitude,  T,  and  angle,  9)  is  obtained  directly  from  the 
impedance  analyzer.  The  capacitance  CQ  equals  Ae^t,  where  A  is  the  sample  area,  t  is  the  sample 
thickness,  and  e0  is  the  permittivity  of  free  space.  The  impedance  of  the  coaxial  air  line  Z0  equals 
50  ohms,  and  co  is  the  angular  frequency.  Complex  permittivity  (£*  =  e’  -  e")  can  be  related  to  the 
dielectric  constant  (e'/e0  =  e'r)  and  the  dielectric  loss  (tan  5  =  e'Ve').  A  correction,  Cf,  is  made  for 
the  real  part  of  the  permittivity  ^  to  account  for  the  fringe  fields  around  the  sample. 

The  dielectric  properties  of  rutile  and  lead  zirconate  are  plotted  on  Fig.  3  as  a  function  of 
frequency.  The  dielectric  constant  of  rutile  was  91.7  at  300  MHz,  which  was  within  5  percent  of 
the  1  MHz  value.  The  dielectric  loss  of  rutile  was  significantly  higher  than  measurements  reported 
by  other  authors^.  A  dielectric  loss  of  0.0002  at  10  GHz  has  been  reported^,  thus  showing  the 
difficulty  of  low  loss  measurement  by  the  lumped  impedance  method.  The  dielectric  loss  of  rutile 


(1) 

(2) 


demarcated  the  lower  limit  of  the  lumped  impedance  technique,  and  the  loss  values  of  PZ  were 
higher  than  those  for  rutile  at  an  equivalent  frequency. 

The  error  in  dielectric  property  measurement  became  significant  for  higher  frequencies.  This 
was  due  to  the  inmteqimw.  modeling  of  the  electric  field  within  the  sample.  The  utility  of  the  lumped 
impedance  technique  is  limited  because  the  electric  field  in  the  sample  must  be  uniform,  and  the 
assumption  loses  validity  at  high  frequency  and  dielectric  constant  due  to  wave  compression.  The 
useful  measurement  range  of  the  lumped  impedance  method  is  between  10  MHz  and  300  MHz  for 
ceramic  lead  zirconate. 

The  distributed  transmission  method  does  not  require  the  uniform  field  assumption,  and  has 
been  used  up  to  26  GHz  in  this  study.  Microwave  propagation  through  a  dielectric  slab  is 
measured  in  terms  of  attenuation  and  phase,  from  which  the  dielectric  properties  are  calculated.  The 
measurement  apparatus  is  illustrated  in  Figs.  4  and  5. 

The  transmission  coefficient  .S21,  is  a  complex  number  that  can  be  separated  into 
magnitude,  IS21I,  and  phase.  The  S-parameter,  S21,  is  described  as  the  ratio  of  the  incident  wave 
voltage  on  port  2  divided  by  the  voltage  departing  port  1.  The  magnitude  of  S21  is  measured  for 
rutile  and  lead  zirconate  samples  loaded  in  a  waveguide.  The  frequency  range  of  interest  is 
dependent  upon  the  waveguide  geometry.  The  bands  used  in  this  study  are  the  X-band  (h=1.27, 
w=2.29  cm)  and  the  K-band  (h=0.43,  w=l.07  cm)  with  frequency  ranges  of  8.2-12.4  and  18-26.5 
GHz  respectively. 

A  response  calibration  with  a  through  connection  is  required  to  obtain  accurate  IS2  jl 
measurements.  Special  calibration  kits  are  not  needed  for  this  type  of  calibration,  and  any  band 
can  be  used  within  the  frequency  range  of  the  HP  8510T  system  (0.045  to  26.5  GHz).  The  pons 
are  attached  to  flange  adapters  by  coaxial  cables,  and  the  system  is  interfaced  with  an  HP  9816 
computer  for  data  acquisition  and  manipulation.  The  sample  holder  assembly  is  shown  on  Fig.  5. 
and  consists  of  a  dielectric  sample  completely  filling  a  waveguide  flange.  Air  gaps  between  sample 
and  waveguide  have  a  deleterious  effect  on  the  measured  dielectric  properties. 

A  relationship  is  derived  between  the  complex  scattering  parameter,  S2 1 ,  and  the  dielectric 
16,17 


properties  of  a  material 


1  -  p2 )  exp  ( -  y  I  ) 
1  ~  p2  exp  ( -  2  y 1  ) 


Dielectric  property  information  is  contained  in  the  p  and  y  coefficients  as  shown  in  equations  4  and 
5.  The  thickness  of  the  dielectric  slab  is  I. 


P  = 


1  -<er*) 

1  +  (fi,*) 


1/2 


1/2 


(4) 


The  propagation  coefficient,  y,  can  be  expressed  in  terms  of  the  real  and  imaginary  parts  of 
the  permittivity  for  low  loss  materials^. 

y=  a  +  jp  *  j  (n*e*)1/2 
where, 

a=  (jt(e’)1/2tan8)/X0  (6) 

P  =  (2n  (e')1/2  )  /  XQ  (7) 

In  equations  5-7,  £'  is  the  real  part  of  the  permittivity,  A.0  is  the  free  space  wavelength,  and  p*  is 
the  complex  permeability.  Equations  3-7  are  derived  for  a  transverse  electromagnetic  wave 
propagating  through  a  nonmagnetic  material. 

Figure  6  is  a  plot  of  IS2 for  rutile  loaded  in  an  X-band  waveguide.  The  IS21I  measured 
data  are  depicted  as  points,  and  theoretically  calculated  values  from  equation  3  are  shown  as  a 
curve.  The  theoretical  fit  of  of  Fig.  6  is  made  by  assuming  a  dielectric  constant  of  96.0  and  a 
dielectric  loss  of  0.001,  and  an  excellent  correlation  is  made  with  actual  data.  Lead  zirconate  was 
also  measured  by  this  technique  and  the  results  are  shown  on  Fig.  7.  The  peaks  are  not  as  sharp  as 
in  Fig.  6,  because  lead  zirconate  has  a  higher  dielectric  loss  than  rutile  (E'r  =  129.1,  tan  5  =  0.026). 

6 


The  IS21J  peak  frequency  is  a  function  of  dielectric  constant,  and  the  position  is  extremely 
sensitive  to  small  variations.  The  peak  values  correspond  to  an  integral  number  of  half  waves 
contained  within  the  thickness  of  the  sample.  Dielectric  constant  is  determined  by  measuring  the 
frequency  of  ISjjl  maxima,  and  the  sample  thickness.  The  method  is  accurate  for  materials  that  do 
not  experience  a  significant  relaxation  in  the  frequency  range  of  interest,  in  this  case  from  8  to  12 
GHz.  The  dielectric  constant  is  calculated  from  the  electromagnetic  wavelength  contained  in  the 
sample  along  the  thickness  direction. 


In  the  above  equation,  XQ,  the  free  space  wavelength  is  determined  from  IS21I  maxima-  The 
wavelength  in  the  dielectric,  X4,  is  obtained  from  the  sample  thickness,  th,  and  the  estimated 
number  of  half  waves,  n,  in  the  sample  (Xj  =  2  •  th/n).  The  cutoff  wavelength  of  the  waveguide 
is  Xc.  Equation  8  has  an  eigenvalue  solution,  and  it  is  desirable  to  have  several  IS21I  peaks  for 
confirmation  of  the  dielectric  constant.  The  frequency  difference  between  two  maxima  defines  a 
half  wavelength  contained  within  the  sample.  Similar  methods  have  been  presented  earlier  by  other 
authors  ^-20 

The  magnitude  of  the  transmission  peak  decreases  as  the  dielectric  loss  increases.  The  real 
part  of  the  permittivity  is  substituted  into  equation  3  to  find  the  imaginary  part  An  iterative 
technique  is  performed  by  estimating  a  loss  value  and  calculating  IS211-  The  estimated  dielectric 
loss  is  changed  to  reduce  the  difference  between  calculated  and  measured  IS21I  values.  In 
summary,  the  peak  frequency  determines  the  dielectric  constant,  and  the  loss  is  calculated  from  the 
transmission  magnitude. 

A  perturbation  resonance  method  was  developed  for  high  dielectric  constant  samples 

which  utilizes  a  cylindrical  cavity  with  a  transverse  magnetic  mode  (TMqjq)  resonance.  The  TM 

cavity  is  depicted  in  Fig.  8.  Coupling  loops  are  placed  at  opposite  sides  of  the  TM  cavity  to 

maximize  interaction  with  the  magnetic  field.  The  sample  is  a  one  centimeter  long  rod  with  a  cross 
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section  area  of  one  square  millimeter,  which  is  positioned  at  the  cavity  center.  The  length  was 
adjusted  by  a  moveable  plate  at  the  bottom,  and  the  top  plate  is  detached  for  sample  removal  The 
dielectric  constant  and  the  loss  tangent  are  obtained  by  the  following  equations: 


1  +  0.539 


(9) 


t  an  5  » 


0.269  Ac 


(10) 


In  equations  9  and  10,  Aj.  is  the  cross  sectional  area  of  the  cavity  and  As  is  the  specimen  area.  The 
subscripts  1  and  2  refer  to  the  cavity  and  cavity-plus- sample  systems,  respectively.  The  variable  Q 
is  the  quality  factor,  which  is  determined  from  the  resonant  frequency  fc  and  the  peak  width  Af, 
(Q=fc/Af).  where  Af  is  the  difference  between  the  3dB  points. 

Two  cavities  were  made  for  dielectric  measurement  at  3.04  and  5.60  GHz,  and  had  diameters 
of  77  and  41  mm  respectively.  The  resonant  frequencies  were  determined  from  the  HP  8510T 
network  analyzer,  and  the  dielectric  properties  were  calculated.  An  important  contribution  to  error 
is  resonant  cavity  stability.  The  cavity  has  to  be  disturbed  to  remove  the  sample,  and  it  is  difficult 
to  return  the  cavity  to  its  previous  state.  This  causes  a  measurable  change  in  resonant  frequency 
and  quality  factor.  Other  contributions  to  error  include  measurement  of  the  sample  dimensions, 
which  can  be  as  high  as  5  percent  for  small  samples.  Dielectric  loss  accuracy  was  a  function  of  the 
dielectric  constant  error  and  the  quality  factor  of  the  cavity.  Sample  dielectric  losses  below  0.002 
were  difficult  to  measure  by  this  method. 

A  resonant  post  technique4’^-  was  studied,  and  it  was  found  that  the  dielectric  loss  of  PZ  is 
too  large  for  dielectric  property  determination.  However,  rutile  was  measured  at  7.3  GHz 
!£  r= 97.5,  tan  5=3.6  x  10'4). 
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RESULTS  AND  DISCUSSION 


Microwave  dielectric  data  of  rudle  are  gathered  from  the  presented  techniques,  and  shown  on 
Fig  9.  The  dielectric  constant  and  loss  of  ceramic  rutile  decrease  with  frequency  up  to  1  MHz  due  to 
conductivity,  and  are  independent  of  frequency  in  the  GHz  range.  High  frequency  dielectric  loss  is 
measured  most  accurately  by  the  resonant  post  method.  The  lumped  impedance,  TM  cavity,  and 
distributed  transmission  methods  give  higher  loss  values  for  rutile.  The  dielectric  loss  for  rutile  was 
set  as  a  lower  limit  below  which  the  accuracy  of  these  techniques  was  questionable.  The  dielectric 
constants  measured  by  the  TM  cavity  and  lumped  impedance  methods  are  within  5  percent  of  the 
1  MHz  value,  and  the  resonant  post  and  distributed  transmission  methods  are  within  2  percent. 

The  same  high  frequency  dielectric  measurement  methods  for  rutile  were  also  utilized  for  PZ, 
with  the  exception  of  the  resonant  post  technique.  The  most  accurate  technique  for  the  dielectric 
measurement  of  PZ  at  microwave  frequency  is  the  distributed  transmission  method.  A  dielectric 
relaxation  is  found  for  lead  zirconate  in  the  microwave  region.  Figure  10  portrays  a  decrease  in  the 
dielectric  constant  with  a  corresponding  increase  in  the  dielectric  loss. 

Similar  dielectric  relaxations  have  been  observed  for  single  crystal  ^  and  ceramic  BaTiC^ 
which  is  a  ferroelectric  material.  Devonshire  ^  proposed  a  piezoelectric  grain  or  domain  resonance 
as  a  relaxation  mechanism.  The  model  was  strongly  supported  by  the  work  of  Yao  ^  on 
ferroelectric  LiNbC^.  fCittel  ^  has  proposed  domain  wall  motion  as  a  possible  explanation  for  the 
dielectric  relaxation  of  barium  titanate  in  the  microwave  region. 

The  dielectric  relaxation  caused  by  piezoelectric  grain  resonance  is  not  expected  for  PZ, 
which  has  centric  symmetry  ^  (space  group  Pbam).  The  ferrobielectric  effect  is  a  possible 
mechanism  for  domain  wall  movement  under  an  applied  field  for  antiferroelectric  PbZrO^.  The 
ferrobielectric  effect  is  defined  as  an  inequality  of  domain  state  enerr.es  caused  by  anisotropy  in 
permittivity.  Attempts  were  made  to  detect  ferrobielectricity  through  electric  field  dependence  of  the 
dielectric  constant,  which  was  found  to  be  independent  of  field  up  to  1 1  Kv/cm.  The  effect  is 
usually  weak,  and  it  is  therefore  concluded  that  the  domain  wall  motion  contribution  to  permittivity 
is  small. 
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Possible  contributions  to  the  dielectric  relaxation  of  PZ  include  both  intrinsic  and  extrinsic 
mechanisms.  A  low  lying  far  infrared  lattice  mode  has  been  observed  for  lead  zirconate,  and 
Kramers- Kronig  analysis  has  shown  it  to  contribute  over  90  percent  of  the  dielectric  constant28. 
The  observations  in  microwave  region  may  suggest  that  the  relaxation  of  the  low  lying  lattice  mode 
is  just  beginning  to  occur.  Other  authors  have  found  a  correlation  of  lattice  defect  concentration 
with  dielectric  loss  at  microwave  frequency  29,30  The  lead  species  is  volitile  at  the  temperatures 
needed  to  process  PZ,  and  vacancies  are  probable.  A  correlation  between  lattice  defects  and  the 
magnitude  of  dielectric  relaxation  for  PZ  is  a  subject  for  future  study. 

The  dielectric  properties  of  antifeiroelectric  PZ  at  microwave  frequency  are  compared  with 
paraelectric  Ba(Zn  j ^Ta^ X^3  and  ferroelectric  BaTi03  in  Table  1.  The  large  dielectric  loss 
exhibited  by  barium  titanate  is  due  to  a  large  relaxation  in  the  microwave  region.  Paraelectric 
materials  such  as  BafZn^Ta^X^  have  very  low  loss,  and  are  suitable  for  microwave  resonator 
applications.  Lead  zirconate  has  a  smaller  dielectric  loss  than  barium  titanate,  but  the  loss  is  too 
large  for  a  useful  resonator  material. 

CONCLUSIONS 

Several  techniques  were  necessary  to  measure  dielectric  constant  and  loss  of  lead  zirconate 
up  to  26  GHz.  Rutile  was  used  as  a  control  material  to  ensure  accuracy  and  consistency  between 
the  measurement  techniques.  The  LCR  bridge  method  was  utilized  up  to  1  MHz,  and  the  lumped 
impedance  measurement  between  10  MHz  and  300  MHz.  Accuracy  of  the  lumped  impedance 
technique  became  questionable  above  300  MHz,  due  to  the  inability  to  fully  characterize  the 
electromagnetic  fields  in  the  sample  region.  Dielectric  properties  were  determined  by  the  TM  cavity 
method  at  fixed  frequencies  of  3.0  and  5.4  GHz,  and  by  the  transmission  technique  in  the  X  and 
K-bands.  The  dielectric  loss  of  PZ  was  found  to  be  too  high  for  the  resonant  post  measurement. 

A  definite  dielectric  relaxation  was  seen  for  PbZr03  at  microwave  frequencies.  It  was 
difficult  to  calculate  the  magnitude  of  intrinsic  and  extrinsic  contributions  to  the  microwave 
relaxation,  and  there  is  a  possibility  that  both  may  exist.  Identification  of  possible  loss  mechanisms 
for  lead  zirconate  is  a  subject  of  further  research. 
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figure  captions 


Figure  1 .  Indexed  X-ray  powder  pattern  of  Lead  Zirconate  sintered  at  1 300  °C  for  2  hours. 
Figure  2.  Schematic  of  the  sample  holdeT  assembly  for  lumped  impedance  measurement. 
Figure  3.  The  dielectric  properties  of  PZ  and  Rutile  measured  by  the  lumped  impedance 
method.  The  solid  line  is  dielectric  constant  and  the  broken  line  is  loss. 

(o  =  Rutile  and  A  =  Lead  Zirconate) 

Figure  4.  The  HP  85 10T  network  analyzer  system  with  sample  holder  for  use  with  the 
distributed  transmission  method. 

Figure  5.  Sample  holder  assembly  with  specimen  for  waveguide  measurement. 

Figure  6.  IS21'  measured  for  an  X-band  waveguide  loaded  with  a  rutile  sample. 

Comparison  is  made  between  data  (points)  and  theoretical  calculation  (solid  line). 
Figure  7.  IS2 11  measured  for  an  X-band  waveguide  loaded  with  a  PZ  sample. 

Comparison  is  made  between  data  (points)  and  theoretical  calculation  (solid  line). 
Figure  8.  Schematic  of  the  TM  cavity  with  specimen. 

Figure  9.  Dielectric  properties  of  rutile  measured  by  various  microwave  techniques. 

The  solid  line  is  dielectric  constant  and  the  broken  line  is  loss.  Bars  are  not 
shown  for  points  that  have  error  within  the  area  of  a  marker. 

(□  -  LCR,  &  -  Lumped  Impedance,  A  =  TM  Cavity,  o  =  Resonant  post,  and 
X  =  Transmission) 

Figure  10.  Dielectric  properties  of  PZ  measured  by  various  microwave  techniques. 


The  solid  line  is  dielectric  constant  and  the  broken  line  is  loss. 

Bars  are  not  shown  for  points  that  have  error  within  the  area  of  a  marker. 

(O  =  LCR,  o  =  Lumped  Impedance,  A  =  TM  Cavity,  and  X  =  Transmission) 


TABLE  I 

Dielectric  Property  Comparison  between  Antiferroelectric,  Ferroelectric, 
and  Paraelectric  Ceramics 
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EXPERIMENTAL  ANALYSIS  OF  FERROELECTRIC 


DOMAIN  LAYER  WAVE 
Xing-Jiao.  Li*,  Wuyi.  Pan  and  L.  E.  Cross 
Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park  ,  PA  16802 


1  INTRODUCTION 

The  concept  of  a  ferroelectric  domain  layer  wave  FDLW  and  a  theortical 
analysis  about  the  nature  of  the  wave  in  a  180°  domain  structure  were  published  in 
earlier  papers1’2’3.  In  this  paper,  experimental  evidence  about  the  FDLW  in  180  0 
ferroelectric  domain  structure  is  obtained  by  using  contra-poled  PZT  ceramics  as  a 
model  structure.  The  existance  of  the  wave  is  verified  from  the  attenuation  and 
dispersion  characteristics  of  the  observed  propagation.  In  the  demonstration,  low 
frequencies  were  used  to  aviod  problems  with  the  grainy  nature  of  the  walls  in  the  PZT 
ceramic. 

2  THE  EQUATIONS  OF  FERROELECTRIC  DOMAIN  LAYER  WAVE 

From  the  theoretical  analysis,  there  exists  a  ferroelectric  domain  layer  mode  in  a 
two  layer  180°  ferroelectric  domain  structure.  For  convenience,  the  thickness  of  the  first 
layer  substrate  will  be  assumed  to  be  infinite  and  the  thickness  of  the  second  layer  is 
equal  to  h.  The  equations  for  the  amplitudes  of  displacement  and  pontential  of  the 
FDLW  will  be:1 
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In  type  I  Domain  (thin  plate) 


U3I-C<5)exp(pkx1)+C<6>exp(-pkxl) 

K-pB/eA-l^expCpkxj)  ^expC-pk^).  (1) 

<>IKB/A4<^)C<«exp(^i>^C<6>exp(-pkxl) 

KB/A+Cp/e)C:^«p(kx1>-B/AC<6iexp(-kxl)  (2) 

In  type  II  domain(substrate) 

U3n-d5)exp(pkx1)-(eB/eAX^fi)exp(pkx1)  (3) 

<^B/Ad«eap(pla1K¥/eC<6)exp(kx1)  (4) 

where  A-2esinh(hkMe/e)exp(|Jhk), 

B»2C0cosh(phk)-Cpexp<hk), 

C^2£sinh(hk)-2£gcoshOik>+€gexp(Phk)r 

D»2(e^e/e)sinh(^HeQ+€)exp(hk)C9/e  (5) 

Where  e  is  the  dielectric  permittivity  perpendicular  to  the  polar  direction,  e  is  e^ 
the  piezoelectric  matrix  component,  C  is  Ca(  the  elastic  matrix 

component), {!*(  1  -pv^/C^X  where  p  is  the  density  of  the  material  and  v  is  the  velocity 
of  the  acoustic  wave),  corresponds  to  the  amplitude  of  M-T  mode  and 

C^=(Be/eA-l)C{(>).  Readers  may  referred  to  reference  1  for  the  detail  physical 
meaning  of  the  symbols). 
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In  order  to  have  nontrivial  solution,  the  following  compatibilty  condition  must  be 
satisfied 

A  B 

CD  =0 

This  is  the  dispersion  equation  of  the  ferroelectric  domain  layer  wave  in  the  2  layer 
1 80°  ferroelectric  domain  structure. 


3  TANSMISSION  ATTENUATION  OF  PZT  FDLW  GUIDE 
In  FDLW  system,  if  the  input  is  a  sinusoial  function  of  known  frequency  and 
constant  amplitude,  then  the  output  will  also  be  a  sinusoial  function  of  the  same 
frequency  but  with  modified  amplitude  and  phase.  So  ,  the  FDLW  is  a  linear  system. 
The  information  about  the  displacement  amplitude  and  the  electric  potential  from 
transfer  function  of  the  waveguide  can  be  obtained  from  the  out  put  signal  of  the 
waveguide.  But,these  quantities  in  the  above  equation  are  complicated.  For  simplicity, 
we  consider  only  the  relation  between  the  displacement  amplitude  of  FDLW  in  the 
domain  wall  and  hk  and  that  between  the  magnitude  of  voltage  generated  by  the 
FLDW  in  the  wall  and  hk.  When  Xf=0,  the  equations  are  : 

U3Ixi=0=U3n!xl=0=(-eB/eA)C(6)  (7) 

d>Ixl=0=On  xl=0=-(B/A)C<6)-(Cp/e)C^  (8) 

Figure  1  is  the  illustration  of  equations  (7)  and(8).  The  material  parameters  for  a  typical 

PZT  sample  are  p=7526  kg/m3  .  En/e0=1000  e15=8.83  C7m3  0^=  3.9  xlO  11  N/M2 

In  Figure  1.  the  amplitude  of  displacement  has  been  nomalized  to  C<63  which  is 
the  displacement  amplitude  of  the  Bleustein-Gulyaev  surface  wave  on  the  free  surface. 


It  should  be  noted  that  when  hk=0.05,  there  exists  a  maximum  amplitude  for  the 
domain  layer  mode  in  the  domain  wall.  It  is  two  times  that  of  the  B  -G  surface  wave 
and  that  of  the  Maerfeld-Tounois  domain  wall  wave.  As  the  hk  value  continues  to 
increase,  the  amplitude  at  the  domain  wall  will  decrease.  Until  as  hk  approaches  infinity, 

U3  is  asympotic  to  Cf®  which  correspond  to  the  amplitude  of  M-T  mode,  or  of  the 
domain  wall  mode. 

The  amplitude  of  the  electric  pontential  has  been  normalized  arbitrarily  to 

(e/e-Cp/e)C56).  The  change  in  electric  potential  patterns  due  to  an  increasing  hk  has  a 

maximum  at  hk  =.009.  As  hk  — it  is  equivalent  to  that  of  the  M-T  mode  ,  or  of  the 
domain  wall  wave.  It  should  be  noted  that  the  potential  amplitude  of  the  FDLW  in  the 
domain  wall  is  not  equal  to  zero,  while  that  of  domain  wall  wave  is  always  equal  to  zero 

The  shaded  region  represents  the  region  of  hk  within  which  the  measurements 
were  carried  out  and  is  determined  by  the  thickness  of  the  layer,  the  central  frequency 
which  is  layer  thickness  dependent  and  the  band  width  of  the  interdigital  transducer 
used  .which  is  also  layer  thickness  dependent  One  of  the  reasons  for  selecting  this 
region  is  that  the  layer  plate  can  not  be  made  so  thin  that  hk«  1  in  the  present  device.  If 

the  layer  is  a  film,  for  which  the  thickness  is  of  the  order  of  p.m,  then  the  operating 
frequency  may  be  raised  into  the  M  Hz  region 

We  use  two  uniformly  polarized  PZT  ceramics  plates  to  make  up  the  wave  guide. 
The  structure  consists  of  a  13  mm  thick  PZT  plate  and  a  1  mm  thick  PZT  layer(  the 
length  and  width  are  60  mm  and  13  mm  respectively) .  The  plates  are"  gluebonded" 
together  with  their  polar  axes  oriented  antiparallel  to  each  other.  The  FDLW  wave  is  a 
shear-type  wave  which  travels  perpendicular  to  the  polar  axis  with  the  displacement 
along  the  polar  direction.  The  guided  wave  is  confined  to  ferroelectric  domain  layer,  as 
shown  in  Figure  2A.  The  length  of  wave  guide  is  4.2cm.  The  length  of  the  transducer  is 
1.2cm.  The  sample  for  the  ferroelectric  domain  wall  wave  is  shown  in  Figure  2B.  The 
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sample  for  the  B-G  wave  is  shown  in  Figure  2C 

According  to  the  special  needs  of  our  experiment,  we  made  the  following 
selections  in  the  design  of  the  interdigitai  transducer  used  : 

(a). In  order  to  select  the  region  of  hk  around  that  of  the  velocity  valley  for  the  FDLW  , 
we  picked  the  center  frequency  F=380  kHz.  For  the  PZT,  SAW  velocity  v=2240m/s, 

then  X  =  6.  10'3  m  if  the  dispersion  is  ingored 

lb)  The  design  of  the  interdigitai  finger  structure  for  the  transducer  is  shown  in  Figure3. 
The  number  of  the  interdigitai  periods  selected  is  2  to  have  large  frequency  band  width 

around  the  minimum  velocity. 

(c)  To  reduce  the  interdigitai  transducer  reflection,  wave  front  distortion  and  coupling 
efficiency,  we  selected  the  single-double  IDT.  The  space  between  neigbouring  fingers  is 

equal  to  X/6. 

(d)  Becuase  of  the  size  of  the  sample  (substrate), The  aperture  is  not  theoretically 
optimum.  This  will  yield  more  diffraction  and  triple-transit  signals  and  result  in  larger 
ripples  within  the  pass  band.  The  sidelobe  level  only  degrades  slowly.  Because  the 
number  of  the  interdigitai  periods  of  the  transducer  is  only  two  ,  this  may  also  yield 
more  bulk  wave. 

The  IDTs  that  launch  and  receive  the  waves  are  designed  to  operate  at  a 
wavelength  of  approximately  one  half  the  plate(substrate)  thickness.  This  would  normaly 
cause  higher  order  plate  modes  or  bulk  waves  which  would  interfere  with  the 
experiment.  However,  in  our  experiment,  the  input  transduced  was  evaporated  on  the 
substrate.  Taking  this  step,  we  can  damp  the  plate  mode  in  the  thick  substrate. 

In  order  to  illustrate  three  cases  for  the  device  configurations  in  Figure2  A,  2B 
and  2C,  we  put  three  curves  of  frequency  response  shown  Figure  4.  These  curves  are 
obtained  from  a  HP  3570  A  network  analyzer  and  a  HP  3330  automatic  frequency 

synthesizer,  where  B-A  =20  log(  Vout/Vm  ).  Figure  4  shows  the  traces  of  FDLW  ,B-G 
surface  wave  and  .Vl-T  wave.  The  solid  curve  in  Figure  4  is  a  manifestations  of 


equation(  1),(2),(3)  and  (4)  in  the  case  of  finite  hk,  the  dashed  curve  in  the  case  of 

hk-^oo  and  the  dotted  curve  in  the  case  of  hk-^O.  The  amplitudes  and  frequencies  of 
the  input  signals  generated  in  the  network  analyzer  are  the  same  for  all  of  these  three 
waves  .  We  can  see  directly  from  the  Figure  that  the  attenuation  of  the  frequency 
response  of  the  FDLW(  even  though  in  region  hk  -1)  is  much  less  than  that  of  the  B-G 
and  the  M-T  waves.  The  peak  values  of  FDLW  is  -10.6  dB,  M-T  domain  wall  wave  -14 
dB  and  B-G  surface  wave  -17  dB. 

In  the  pass  band  of  the  frequency  response  curves  shown  in  Figure  4,  there  are 
some  large  ripples.  These  are  due  to  diffraction  effect,  bulk  wave  and  terminal  reflection 
as  already  described. 

In  order  to  analyze  the  characteristics  of  the  FDLW  waveguide  transmission. 
Obviously,  we  should  level  out  the  piezoelectric  transformation  loss  from  the  whole 
attenuations,  so  that  we  can  compare  the  waveguide  transmission  characteristics. 

To  calculate  the  piezoelectric  transformation  loss  ,  we  manufactured  two  B-G 
wave  delay  lines  with  same  material  and  IDT  but  different  delay  distances  then  we 
measured  the  whole  attenuations  (B-A)  near  the  center  frequency  respectively. Since 
B-G  wave  transmission  attenuation  per  unit  length  should  be  fixed  .  So  we  have 

(B-A)1-A-j/L1=(B-A)2~Aj/L'>  (9) 

where  Ay,  Lj  and  are  piezoelectric  transformation  loss  and  delay  distances  of  the 
two  B-G  wave  delay  lines  respectively. 

From  equanon(9),  we  can  obtain  die  piezoelectric  transformation  loss  Ay.  Then 

we  can  also  obtain  the  relation  between  waveguide  transmission  and  the  frequency  of 
the  acousnc  wave. 

The  transmission  attenuation  of  the  B-G  wave  near  the  center  frquencv  is  about  2 
dB/cm  and  the  ripple  of  attenuation  near  the  center  frequency  is  rather  large,  this  may  be 
caused  by  diffraction  effect  from  the  transducers  with  the  rather  small  transducer 


aperture. 


The  transmission  attenuation  of  the  M-T  wave  near  the  center  frequecy  is  about 
1.64  dB/cm.  The  ripple  of  the  transmission  attenuation  for  the  M-T  wave  is  less  than 
that  of  the  B-G  wave.  The  reason  for  this  phenomenon  is  probably  due  to  the  energy 
concentration  near  the  domain  wall  so  that  the  open  acoustic  wave  transmission  is 
avoided. 

The  tansmission  attenuation  of  the  domain  layer  wave  near  the  central  frequency 
is  about  1.2  dB/cm  which  is  much  smaller  than  that  of  the  B-G  wave  or  theM-T  wave. 
Furthermore,  the  attenuation  ripple  of  the  domain  layer  wave  is  also  much  smaller  than 
those  of  the  B-G  and  the  M-T  waves.  This  demonstrates  that  the  transmission 
characteristics  of  domain  layer  wave  is  significantly  better  than  that  of  the  B-G 
waveguide  or  the  M-T  waveguide  and  the  domain  layer  waveguide  have  small 
divergence  and  better  coincidence. 


4  THE  INSERTION  LOSS  AND  BANDWIDTH  OF  THE  FDLW  WAVEGUIDE 

When  the  smoothness  of  the  waveguide  interface  is  degraded  ,  the  damping  of 
the  waveguide  increases.Then,  besides  the  decreased  ripples,  PZT  FDLW  waveguide 
has  lower  insertion  loss,  larger  relative  bandwidth  and  sharper  transition  band  as 
shown  in  Figure  5.  The  peak  value  of  frequency  response  curve  is  -1 1.6  dB.  Its  3  dB 
relative  bandwidth  is  above  40%uegardless  of  the  large  ripple  .  The  length  of  waveguide 
of  the  sample  is  4.2  cm  and  that  of  transducer  is  1.2  cm.  when  the  transmission 
attenuation  6  dB  is  leveled  out .  the  realizable  minimum  insertion  loss  approaches  -6dB  . 
The  ratio  between  the  realizable  minimum  insertion  loss  and  the  relative  bandwidth  is 
very  good.  It  may  be  considered  as  the  pre-shape  of  the  frequency  response  of  a 
passband  filter.  It  may  be  considered  that  PZT  ceramics  FDLW  waveguide  has  a 
"plastic''  function  of  frequency  response. 

For  comparison,  let  us  look  into  the  cases  of  SAW  delay  According  to  the  relation 
between  the  insertion  loss  of  SAW  delay  and  the  maximum  relative  band  width. 


IL  —  10  log  [?c/k2(  Af/fg)2mwJ 


(10) 


where  IL  represents  the  insertion  loss,  K2  stands  for  the  coupling  coefficient  and  Af/fg 
is  the  relative  bandwidth. 

If  the  realizable  maximum  bandwidth  of  saw  delay  is  40%,  the  minimum  insertion 
loss  is  -10.4  dB  for  LiNb03  ,  -10.6dB  for  PZT,  -24.9  dB  for  quatz  and  -15dB  for 

[01  l]Bi12Ge  O20.  These  ratios  ( IL/(A  f/fg)  are  larger  than  that  of  FDLW  waveguide 
measured 

This  phenomenon  can  be  explained  as  following:  the  realizable  maximum  relative 
bandwidth  of  a  SAW  delay  line  is 

(A  f/f0)max=  2[(k2/7t)(G/6i+l)2]1'2  (11) 

where  is  the  acoustic  radiation  conductance  of  transducer  at  the  center  frequency,  G 
is  the  shunt  conductance  in  the  electrical  circuit  which  will  be  equivalent  to  the  series 
damping  in  the  waveguide  here  .  This  damping  includes  mechanical  and  electric 
dampings.  So,  if  G  is  increased  or  the  damping  of  waveguide  is  increased  as  a  result, 

then  (  Af/f0)max  will  increases. 

At  the  same  time,  it  should  be  noted  that  in  the  shaded  region  of  Figure  1  ,  U3 

and  O  are  larger  than  that  of  B-G  surface  wave  and  the  domain  wall  wave.  The  signal 

will  be  modulated  by  the  amplitude  of  hyperbolic  function  of  FLDW,  Then  the  tail  of  the 
signal  will  be  cut  off  . 

Therefore,  a  wide  relative  bandwidth,low  insertion  loss  and  sharp  transition  bands 
frequency  response  are  obtained. 

We  may  ask  a  question  here.  Can  one  use  these  behaviours  of  the  electronic 
information  of  waveguide  to  study  the  state  of  the  domain  walls  and  the  grain 
boundaries!  more  energy  will  be  concentrated  in  the  layer).  Since  diCcrent  mechanical 


and  electric  states  of  the  domain  wall ,  domain  layer  and  grain  boundary  resuli  in 
different  frequency  responses.  This  study  should  belongs  to  the  area  of  electronics  of 
ferroelec  tries. 

5  THE  ANALYSIS  OF  DISPERTSION  CHARACTERISTICS  OF  FDLW 
WAVE 

Another  main  property  of  the  guide  structure  is  its  dispersive  feature.  It  is 
worthwhile  to  note  that  it  is  a  measure  of  the  interaction  between  the  anitparallel 
domains.  The  fact  that  the  "  depth"  of  the  dispersion  curve  is  the  measure  of  the 


interaction  between  the  anaparallel  domains  and  the  possibility  of  utilizing  such  a  mode 
in  practical  electronic  devices  have  stimulated  interest  in  the  basic  investigation  on 
guidance  dispersion.  In  addition  ,  experiments  on  the  dispersive  relation  have  been 
conducted  leading  to  the  demonstration  of  the  existence  of  the  FDLW  itself. 

(1)  The  experimental  analysis  of  dispersion  characteristics  of  FDLW 

We  obtained  the  dispersion  curve  through  measuring  the  phase  velocity  of  the 
domain  layer  wave  at  different  frequecies.  There  are  many  kinds  of  methods  to  measure 
the  accoustic  velocity.  We  adopted  the  phase-shift  method,  namely,  we  measured  the 
phase  shift  between  the  input  signal  and  the  out  put  signal  using  the  network  analyzer 
and  automatic  frequecy  synthesizer.  Obviously 

vp=  360  Lf/  <p  (12) 

where  L  is  the  delay  distance  of  FDLW  delay  line,  f  is  the  singal  frequency,  Vp  is  the 

phase  velocity  measured  and  0  is  the  phase  shift. 

The  curve  of  velocity  vs  frequency  of  B-G  wave  and  M-T  wave  for  poled  PZT 
ceramic  measured  is  approximately  undispersed  as  shown  in  Figure  6. 

The  measurement  of  the  velocity  vs  frequency  curves  must  be  made  carefully. 
Because  the  number  of  the  interdigital  periods  of  the  IDT  is  only  two  and  the 
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piezoelectric  plate  is  rather  thin,  the  effects  of  bulk  and  plate  waves  must  be  considered. 
The  experiments  have  shown  that  the  wave  propagating  in  the  above  waveguide  are  not 
obviously  dispersive  in  the  frquency  band  measured,  thus  the  interference  of  the  bulk 
wave  is  considered  to  be  insignificant  and  therefore  not  taken  in  to  account  Besides  , 
when  these  wave  guides  are  with  two  pairs  of  interdigital  electrodes,  the  power 
distribution  ratio  of  surface  wave  and  bulk  wave  are  72%  and  24%  respectivly.  Because 
the  IDT  can  only  excite  the  bulk  wave  with  frequencies  higher  than  the  synchronous 
frequency  ,  most  of  the  points  measured  belong  to  B-G  waves  and  M-T  waves.  The 
effect  of  bulk  wave  appears  only  at  the  upper  bound  of  frequency  band  as  shown  in 
Figure  6.  But  at  the  same  time,  in  Figure  4,  the  sidelobe  of  the  curve  of  frequency 
response  may  be  considered  to  be  the  effect  of  diffraction  and  bulk  wave  interefence. 

From  equation  (6),  the  theonical  dispersion  relation  of  FDLW  is: 

AD-B£=0  (13) 

According  to  this  equation,  the  theoretical  dispersion  curve  of  FDLW  calculated 
with  the  parameters  of  our  PZT  samples  is  shown  in  Figure  7 

The  phase  difference  between  the  phase  of  input  signal  (phase  A)  and  that  of 
output  signal(phase  B)  at  diffemt  frequencies  were  measured  by  the  network  analyzer . 
Since  the  network  analyzer  only  display  the  phase  difference  within  180°,  the  phase  shift 
due  to  the  transducer  and  to  all  full  cycles  must  be  added. 

The  theoretical  results  of  the  dispersion  curve  of  FDLW  indicates  that  the 
minimum  of  the  wave  velocity  appears  when  hk  equals  to  1.1.  as  shown  in  Fig.7.  We 
find  experimentally  that  when  hk  =  .96  the  velocity  reaches  a  minmum  point.  The 
experimental  results  are  in  good  agreement  with  the  theoretical  prediction  for  the  whole 
frequency  range  measured,  Therefore  we  believe  we  have  verified  the  existance  of  the 
FDLW.  The  small  difference  in  phase  velocity  in  the  low  frequency  range  is  partially 
due  to  the  fact  that  the  dielectric  dispersion  was  not  taken  into  account  for  the  calculation 
of  the  theoretical  curve. 

(  2  )The  relatioship  between  the  material  parameter  and  the  dispersion  of  FDLW 
waveguide  in  the  2-layer  structure 


lV- 


To  explore  the  manner  in  which  the  characteristic  parameter  of  the  FDLW  will 
change  for  different  material  parameter  we  consider  the  situations  for  the  parameters  of 


the  piezoelectric  constant  e15  the  dielectric  constant  £j  j  and  the  elastic  constant  To 


simplify  consideration  each  parameter  is  nomalized  to  the  equivalent  value  for 


BaTiC^.The  parameters  for  the  hypothetical  materials  from  Ml  through  M9  are  shown  in 


table  1.  The  dispersion  curves  in  two  layer  structures  for  these  hypothetical  materials  are 


shown  in  Figure  8(A)  and  (B).  From  the  shapes  of  the  curves,  it  is  easily  seen  that  the 


less  en  is  and  the  greater  e15  is,  the  deeper  is  dispersion  . 


(3)  The  effects  of  number  of  layers  on  the  dispersion  of  FDLW  waveguide 


Starting  from  general  piezoelectric  equations,  we  can  formulate  the  dispersion 


equation  In  the  N-layer  180°  domain  structure  by  a  series  matrix  munipulations.(  the 


detail  derivation  is  too  complicated  and  will  be  published  soon).  Let  0-th  plane  is  the 


infinite  distance  plane  of  the  substrate,  nth  plane  is  free  surface,  the  dispersion  equation 


of  the  nth  interface  is: 


W21^^33'el  l/e0W43^=  W23^W31"ei  l/e0W4l) 


where  W-,  is  the  element  of  matrix  W. 


Wa=(  G(h).G0  '*  G"l(h)G0-i  )>% 


when  N=2k+1,  K  =  l,2... 


=  (G(h)  G'o'X^h)  O0-i  G<h>  Go  1  )kGo  when  N=2k'  K=0,1... 


exp(bkh)  exp(-bkh) 


G(h)=  g^xpibkh)  -gtexp(-bkh)  g3  rexp(kx)  -g3rexp(kx) 


g,expibkhi  g  ,exp(-bkh)  g;  exp(kx)  g2exp(-kx) 


-  g4exp(kx)  g4exp(-kx) 


g  =  C  u  bk 


::  =  ei5/en 


g  =  ei52/en  §4  =  eis  k 


1 


1  2 

G'(x)=  1  G(x)=  E0G(x) 

-  1 

-1 

From  equation(14  )  for  the  poled  PZT  ceramics,  the  curve  of  the  dispersion 
function  in  an  N-layer  structure  is  illustrated  in  Figure  9  .  It  is  worthwhile  to  note  that 
the  more  layers  there  are,  the  lower  is  the  minimum  of  the  dispersion  curve.  For  the 
five  layer  structure,  the  velocity  of  FDLW  changes  from  2100  m/s  to  1900  m/s, 
decreasing  by  20%.  For  2-layer  structure,  it  decreases  by  16%.  Therefore  the"  depth  "of 
dispersion  is  related  to  the  number  of  layers. 

(4)  The  measure  of  the  interaction  between  domains 

As  the  material  parameters  of  the  antiparallel  domain  are  identical,  the  decrease  in 
wave  velocity  with  increase  in  hk  is  not  due  to  the  mass  loadind  but  to  a  pertubation 
interaction,  i.e.  the  mechanical  and  electric  interloading  which  are  corresponding  to 

perturbation  in  wave  numbed  Ak/k)M  and  (Ak/k)g.  This  perturbation  loading  may  be 

considered  as  an  interaction  between  domains.  It  is  well  known  IAv/vl=A  k/k4.  from 
above  reason,  we  may  say  that  the"  depth  "  of  dispersion  Av/v  is  the  measure  of 
interaction  between  180  domains  which  is  related  to  material  parameters,  thickness  of 
domain  and  the  number  of  the  domain  layers . 

In  2-laver  structure  l,  when  hk«l  A  k/k=  [e4/(C  e2(e0  +l)]hk 

From  this  equation,  it  is  seen  that  the  relation  between  the  interaction  of  180 
domain  and  material  parameter  and  thickness  of  domain  In  a  word,  the  intention 
between  the  two  domain  may  be  changed  with  the  4  th  power  of  the  parameter  e,  the 

2nd  power  of  the  paraeter  £  and  negative  first  power  of  the  elastic  coefficient  C. 


(5)  Discusion 


(a)  The"  depth  of  the  dispersion  of  FDLW,  or  the  interaction  between  180 
domains,  is  not  only  a  function  of  material  parameters  ,  a  function  of  the  thickness  of 
domain  layer  h,  but  also  a  function  of  the  number  of  layers  and  of  the  frequency  of 
the  FDLW. 

(b)  From  phase  shift  measurement  as  shown  in  Figure  10  ,  group  delay  t=d<j)/dco 
was  calculated.lt  is  shown  that  in  the  range  of  ferquency  of  pass  band  shown  in  Figure 
5,  group  delay  decrease  rapidly  from  33  us  to  23us,  that  is  when  a  signal  in  this  band 
of  frequencies  propagating  in  this  waveguide  ,the  time  of  the  signal  will  be  expanded 
by  lOu  seconds  .  From  Figure  (9  )and  (10),  if  we  use  the  multiple  structure  or  new 
materials  like  M4  and  M6,The  group  delay  dme  will  be  further  expanded .  As  described 
above,  if  the  operating  frquencv  is  raised  above  meg  Hz,  the  future  application  should 
exists. 

7  SUMMARY  AND  CONCLUSIONS 

Poled  PZT  ceramics  were  used  to  make  FDLW,  B-G  and  M-T  waveguides.  The 
frequency  dependence  of  the  attenuation  of  these  waveguides  was  measured  and 
compared.  It  is  confirmed  that  FDLW  waveguide  has  the  lowest  transmission  attenuation 
in  the  fire  quency  range  (200-800  kHz)  of  these  measurements.  Due  to  its  low 
transmission  loss  and  function  of  modulating  of  amplitude,  the  FDLW  waveguide  has  a 
better  ratio  of  the  realizable  minimum  insertion  loss  to  relative  maximum  bandwidth 
than  the  other  two  structures  in  the  frequency  range  of  the  measurements.  It  may  be 
considered  that  PZT  ceramics  FDLW  waveguide  has  a  "plastic"  function  of  frequency 


response. 


Experimental  dispersion  curves  measured  by  a  phase  shift  method  have  been 
correlated  with  the  theoretically  predicted  dispersion.  The  analysis  demonstrates  that 
the  nature  of  the  changes  in  dispersion  associates  with  the  changes  in  the  dielectric  and 
piezoelectic  properties  of  PZT.  The  experimentally  verified  depth  of  the  dispersion  may 
be  the  measure  of  the  intraction  between  domains. 

There  exists  ferroelectric  domain  layer  wave  in  poled  PZT  ceramics  FDLW 
waveguide.  Many  applications  can  be  found  if  the  operating  frequecy  can  be  raised  to 
Meg  Hz  range. 
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Figure  1 :  The  displacement  amplitude  in  domain  wall  and  the  potential  amplitude 


in  domain  wall  U3  x=0  vs  hk  0xl=O  vs  hk. 

Figure  2A:  PZT  ferroelectric  domain  layer  waveguide. 
Figure  2B:  PZT  ferroelectric  domain  wall  waveguide. 
Figure  2C:  PZT  B-G  waveguide. 
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Figure  3  The  scheme  of  the  interdigiial  transducer 

Figure  4:  The  curves  of  frequency  response  for  PZT  FDLW,  B-G  surface  and 
ferroelectric  domain  wall  waveguides. 

Figure  5:  The  curve  of  frequency  response  for  unpolished  imerface  PZT  FDLW 
waveguide. 

Figure  6 :  The  velocity  Vs  frequency  curves  of  PZT  B-G  waveguide  and  M-T 
waveguide. 

Figure  7  :  the  dispersion  curve  of  poled  PZT  FDLW  waveguide.(  the  solid  curve 
represents  the  theoretical  curve;  the  dashed  curve  represents  the 
experiment  results). 

Figure  8(A)  and  (B):  Dispersion  of  velocity  in  structure  of  Vfj  -Mj  domain  layer 
-containing  2  layers 

Figure  9 :  Dispersion  of  the  velocities  in  die  structure  of  PZT-2  domain  layer- 
containing  2  to  5  layers. 

Figure  10 :  Phase  shift  vs  frequency  far  poled  PZT  cenaaic  FDLW  wavtfuide 
measured  by  networit  analysicr. 


BONOED  POLARIZATION 
INPUT  INTERFACE  OUT  OF  PAGE 

TRANSDUCER  \  / 


OUT PUT 
TRANSDUCER 


POLARIZATION 
INTO  PAGE 


INPUT 

TRANSDUCER 

A. 


polarization 

OUT  OF  PAGE 


OUTPUT 

.TRANSDUCER 


BONOED 

INTERFACE 


POLARIZATION 
OUT  OF  PAGE 


OUTPUT 

TRANSDUCER 


INPUT 

TRANSDUCER 


POLARIZATION 
INTO  PAGE 


Ferroelectric  domain  loyer  mode 
B-G  surface  mode 


413  458  535 

FREQUENCY  (KHz) 


S  V 


PIEZOELECTRIC  FIBER  OPTIC  ELECTRIC  FIELD  CENSOR 
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A'ds cract — Two  cvpes  or  fiber  optic  inter feronetric  electric 
sensors  have  been  demonstrated  where  tne  fibers  have  been 
sensitized  to  electric  fields  in  a  novel  wav.  In  the  first 
case,  the  fibers  were  embedded  in  a  oiezoelectric  barium 
citanium  silicate  1 fresnoite;  piass-ceramic ,  and  in  the  second 


case,  in  a 


•ic.vmer  comncsite  matrix. 


m  oraer 


INTRODUCTION 

Fiber  optic  sensors  nave  recently  received  considerable  atten¬ 
tion  because  of  their  advantages  over  conventional  sensors,  inclu¬ 
ding  small  size,  immunif-  to  e iec tromapne c i c  interference,  ccm- 
niete  electrical  isolation,  and  outstanding  sitivity.  One  of 
the  potential  applications  for  fiber  o^tic  s-_  -  inn  involves  the 
detection  of  electric  fields.  Fiber  optic  e . .  trie  field  sensors 
have  been  shown  usinp  suen  diverse  mechanisms  .s  electrc- 
absorption, ^  electrically  induced  fiber  moti •  •  . -  tne  elec tro-ontic 
effect,^  and  p iezoelectr ic  strain. This  latter  concent  has 
been  successfully  demonstrated  bv  coatinp  tne  le '  of  a  Mac’n- 
Eehnder  interferometer  with  a  piezoelectric  pclvmer  such  as  PVDF, 


^e.nncer  inter teromece  r  witn  a  oiezoeiectr  ic 


transauce  an  aoo-ieu  e.ec: 


a  measure- 


aoie  tioer  strain. 


t.nis  ..enter  we  aescrioe  tne  taoncaticn  ar.a  oertormance  o: 


novei  tioer  ontic  e.ectnc  tieid  sensors  m 


inter rerometer  is  sensitizec  ov  a  metteieotnt  miss- 


..-poivmer  composite, 


is t eac  o r  a 
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.ne  como  fiance 
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-no r  cc-.o: is  .:ver  :r.an  cr.ac 


3  -jiss-ceranuc  or 
:  TVDF  polymer 
wit h  the  fiber. 


leading  to  a  more  efficient  coupling  of  strain  with  the  fiber.. 
Two  designs  were  .sec  to  sensitize  fibers  to  applied  electric 
fields.  In.  the  first  tester.,  un;  acketed  fibers  were  embedded  in 
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Itanium  s.^.oate  ■  tresnoitet  oiass-ceramios . 
:.:ers  were  embedded  in  a  EET-nc Ivmer  ccm- 


re-arc-a  ov  emoeddin.’  the 


optical  fibers  in  a  piezoelectric  giass-ceramic .  The  properties 
of  grain  oriented  glass-ceramics  which  show  piezoelectric  proper¬ 
ties  (called  polar  glass-ceramics )  have  oeen  investigated  exten¬ 
sively.0  Fresnoice  glass-ceramics  v compositions  in  tne  3aO-SrO- 
SiOg-IiOg  system;  were  used  in  the  present  work.  Glass  plates  of 
approximately  one  to  two  tr.cnes  Ion;  and  one  haif  inch  wide  were 
prepared  by  melting  tne  :.ass  ar.c  casting  the  melt  in  graphite 
mold.  One  surface  of  tr.e  -.ass  plates  was  fine  polished  and 
glass-ceramics  wttn  -rter.tec  -rvscallites  were  prepared  by  heating 
tne  glasses  at  9?  •  t  -  .  r-'  f  for  two  tours.  Fine  grooves  were 
mace  on  tne  crystal... zed  surface  and  a  fiber  with  approximately 
one  men  of  tne  jacket  removed  was  emoeaded  in  the  plate  and  ce¬ 
mented  in  place  _e  rarer:  ;  l  >  . 

The  second  grown  sensors  were  fabricated  from  PFT  ceramic 
v  50 lA  PIT)  and  a  polvmer  to  form  a  PZT-polvner  composite.  The 
fiber  was  cast  in  a  utce.  PIT  elate  as  shown  in  Figure  1.  Grooves 


Figure  1.  ?IT-?olymer  Composite  Sensor 

were  made  or.  a  poled  PIT  disk  of  1.5  ir.cn  diameter  ar.c  '..I  inch 
tritkr.ess  with  a  diamond  saw.  Approximate!'.-  15  rr.cr.es  of  ;ac.<etec 
opt  real  fiber  was  laid  inside  the  grooves  and  covered  with  a  trass 
plate  and  the  polymer  was  cured  at  TQ°C  tor  id  r.curs.  After 
curing,  the  two  ma;or  surfaces  of  the  PIT  disk  ’.'ere  electrode! 
wrt.n  air  dry  silver  -aste. 

The  polymer  used  for  initial  cor.Dcsite  ser.sor  fabrication 
composite  was  a  stiff  sourrs  epoxy.  The  low  :cm~.iance  of 

this  epoxv  -rovided  efficient  coupling  of  the  strain  generate*, 
from  the  PIT  with  the  fiber.  however,  the  use  of  tr.rs  murrs 
e pc x’.*  lea  to  thermal  stress- induced  fiber  oreaka'e,  oecause  of  tne 
ciffering  thermal  expansivity  of  the  fiber  and  the  sourrs  e-:xv. 

7c  avoid  this  problem,  >.  softer  eccogel  polvmer  was  usee  oonro- 
sete  ••5)  which  has  a  -.  i  *r.er  oomrllar.ee  than  s-trrs  i'oxv.  The 
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use  of  che  eccogel  polymer  successfully  eliminated  fiber  breakage, 
although  the  coupling  of  strain  from  the  PZT  to  the  fiber  was  not 
efficient.  To  increase  the  stiffness  around  the  fiber  the  3rooves 
in  the  PZT  were  filled  with  a  paste  of  aiumina  powder  and  epoxy. 
The  epoxy  was  cured  at  72°C  for  12  hours  and  the  structure  was 
supported  by  eccogel  casting  composite  ::b).  This  structure  suc¬ 
cessfully  provided  enhancec  polymer  stiffness  without  fiber 
breakage. 

ZXTZTIIIIh'TAL  TESTING  2.151173 

In  c.ne  present  work  an  a^l-fiber  Tach-Zehnder  interferometer 
was  used  to  test  the  sensitised  fibers.  light  from  a  helium- 
neon  laser  was  directec  into  a  single  mode  fiber  and  split  into  a 
reference  and  sensing  path  bv  an  input  evanescent  wave  coupler. 

The  fiber  in  the  sens  in g  g'ach  was  fused  into  one  of  the  electric 
field  sensors  descrioec  in  the  previous  section,  and  the  fiber  in 
che  reference  pach  was  fused  to  a  phase  snifter  constructed  by 
winding  100  turns  of  fiber  on  a  piezoelectric  cylinder  with  a  two 
centimeter  diameter.  The  otter  fiber  ends  of  che  sensor  and  phase 
shifter  were  fused  to  a  second  output  evanescent  wave  coupler 
which  mixes  the  two  light  beams  and  directs  che  resultant  light  on¬ 
to  pnocodecectors .  The  interferometer  was  maintained  in  quadra¬ 
ture  with  an  active  quadrature  stabilization  feedback  circuit 
electrically  connected  to  the  reference  pach  -er  phase  shifter.' 

To  enaole  che  arp location  of  an  electric  .eld,  conductive 
electrodes  were  applies  to  tn=  sensor  and  conn  ted  to  a  signal 
generator.  The  sensor  sicnal-co-noise  ratio  -TO  was  directly 
measured  by  connecting  tn.e  photodetectors  to  .  -peccrun  analyzer 
and  applying  a  s.gn.ai  of  known  frequency  and  v: lease  to  the 
sensor.  figure  1  sh  ;w$  the  STP  frequency  response  for  each  of  the 
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four  sensors  described  in  the  previous  section  in  db/llz,  with  a 
1  vole  RMS  signal  applied  co  each  sensor.  As  can  be  seen  from 
these  plots,  the  sensitivity  of  the  PZT-polymer  composite  sensors 
is  higher  than  chat  of  the  glass-ceramic  sensor.  In  addition,  the 
sensitivity  of  composite  sensor  '■( 6,  in  which  the  fiber  is  embedded 
in  a  stiff  matrix  of  alumina  powder  and  enoxv,  is  higher  than  that 
of  composites  -"4  and  ;!5. 

In  summary,  we  have  demonstrated  the  feasibility  of  two  tvoes 
of  fiber  optic  interferometric  electric  field  sensors  in  which 
the  tibers  were  sensiticec  to  electric  fields  in  a  novel  wav.  In 
the  rirst  case,  che  tioers  were  emDedded  in  a  piezoelectric  glass- 
ceramic,  and  m  the  seccna  case,  in  a  ?ZI-oolymer  composite 
matrix.  Ihe  SNR  or  t.nese  sensors  was  measured  as  a  function  of 
rrequenev,  with  a  known  signal  voltage  applied  across  the  sensors. 
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